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Bovine brucellosis is a contagious disease caused by Brucella 
abortus, a facultative-intracellular, Gram-negative bacterium. The 
disease is characterized by abortion in late gestation and clinically 
Inapparent mammary gland infection in cows. Brucellae are tropic for 
lymphoid and reproductive tissues, where they persist Intracellularly 
"î "i 20 2R 9S 
in phagocytic leukocytes and epithelial cells. ' * * * Natural 
transmission is through ingestion or mucosal contact of infectious 
materials; brucellae are excreted in placental and fetal tissues, 
uterine fluids, semen and milk.^ '^^ *^®^  Brucella abortus has a marked 
affinity for placenta, where it replicates in rough endoplasmic 
reticulum of chroioallantoic trophoblastic epithelial cells. 
Brucellae localize in phagosomes and phagolysosomes in macrophages and 
neutrophils and survive phagocyte bacterial killing 
m e c h a n i s m s , ^ I n  p a r t  b y  I n h i b i t i o n  o f  d e g r a n u l a t l o n  a n d  
phagolysosome fusion, and by resisting lysosomal enzyme 
activity.^Circulation of infected phagocytes in blood and lymph 
disseminates brucellae to tissues peripheral to sites of entry. 
In nonpregnant and persistently infected cows, B abortus localizes 
most coiiUQOuly in mammary glands and supramammary lymph 
20 28 47 51 
nodes. * * * Brucellae are intermittently excreted into milk 
throughout lactation, and reach maximum concentrations of approximately 
5 32 60 10 organisms/ml milk. * Clinical manifestations of mammary gland 
infection are subtle; there may be decreased milk yields and Increased 
2 
leukocyte counts In milk.^ '^*^  Gross lesions are not seen, while 
microscopically there is a lymphohistiocytic, lobular, interstitial 
23 38 40 78 82 
mastitis in most infected mammae. * * * * Supramammary lymph 
nodes are often enlarged and characterized by lymphofollicular 
hyperplasia, medullary plasmacytosis, and sinus histiocytosis.^ * 
Although rarely identified in mammary glands and supramammary lymph 
nodes, immunohistochemically-stained brucellae have been seen in 
macrophages in alveoli and intralobular septae in mammary glands, and 
throughout lymph node parenchyma. 
The tropism of B abortus for mammary glands and supramammary lymph 
nodes of persistently infected cows is important in the epidemiology of 
brucellosis. Subclinically infected cows can transmit the disease to 
herds previously free of infection. Aspects of the pathogenesis of 
mammary gland and supramammary lymph node infection that need 
clarification Include the mechanisms of B abortus entry into, 
localization in, and excretion from the mammae. 
The objectives of this study were i) to determine the mechanism by 
which brucellae are transported into mammary glands and milk, ii) 
identify sites of localization of brucellae in mammae and supramammary 
lymph nodes, and 111) examine the effect of lactation on the ability of 
brucellae to localize in mammary glands. Peripartum goats were used as 
an animal model for bovine brucellosis for these studies, since goats 
mimic the response of peripartum cows to B abortus infec-
tion.3.4.22.54,55 
3 
This dissertation Is presented In the alternate format and con­
sists of two manuscripts submitted to refereed scientific journals. 
The format used is that of Veterinary Pathology. A literature review 
precedes the first manuscript. The first manuscript is to be submitted 
to Veterinary Pathology and the second manuscript to the American 
Journal of Veterinary Research. A general summary and discussion 
follows the last manuscript. A list of references appears at the end 
of each manuscript. Literature cited in the introduction, literature 
review, and general summary and discussion appears at the end of the 
dissertation. 
The National Animal Disease Center - National Veterinary Services 
Laboratories' Animal Care and Use Committee reviewed this project and 
concluded that the animal subjects were treated humanely in all proce­
dures involved in this research. 
The Ph.D. candidate, Vincent P. Meador, was the principal investi­
gator for each study. 
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LITERATURE REVIEW 
Brucellosis Is an Infectious disease of mammals characterized by 
premature expulsion of the fetus. It Is a world-wide problem of both 
public health and economic significance. The etlologlc agent of bovine 
brucellosis Is Brucella abortus. a facultatlve-lntracellular. Gram-
negative bacterium that survives In phagocytic leukocytes and 
epithelial cells In lymphoid and reproductive organs. 
Historical 
The first description of brucellosis has been attributed to 
Hippocrates, a Greek physician, who In about 400 B.C. described fevers 
91 
In man characteristic of Brucella melltensls Infection. Similar 
accounts were given by European physicians In the nineteenth century 
when the Incidence of brucellosis was high In man and livestock. A 
British physician, J. Marston, Is credited with the first complete 
53 
clinical description of brucellosis. He treated soldiers stationed 
on the Mediterranean Island of Malta who were plagued by a disease of 
unknown etiology. Marston called the disease Mediterranean (or 
gastric) remittent fever; consistently associated findings were 
anorexia, nausea, headaches, weakness, mental and physical fatigue, 
tenderness in the gastric region, and splenic enlargement. In 1887, 
Sir David Bruce, another British physician stationed on Malta, reported 
that he had isolated the etlologlc agent from spleen of patients with 
9 this disease. Not recognizing the bacillus shape of this bacterium. 
5 
he named the organism Micrococcus melltensls. The disease became known 
as Malta Fever. 
Descriptions of brucellosis In food producing animals were also 
prevalent In the 1800s. In 1886, E. Nocard, a French bacteriologist, 
examined uterine and fetal tissues and exudate from cows afflicted with 
epidemic abortion. While he suspected that the contagious nature of 
the disease was attributable to a bacterium, he was not able to Isolate 
91 
an etlologlc agent. The association of the bacterium with abortion 
In cattle was established In 1897 by Professor B. Bang, a Danish 
veterinarian, after he examined the odorless, gelatinous exudate 
between the uterine wall and fetal membranes from a cow which had 
aborted.^  He successfully Isolated a bacterium with which he was able 
to reproduce the disease. Bang named the causative agent Bacterium 
abortus. In tribute, bovine brucellosis has been commonly referred to 
as "Bang's" disease. 
Early Investigators did not recognize the relationship between M 
melltensls and ^  abortus due to differences in morphologic characteris­
tics ascribed to the two organisms. In 1918, A. Evans, a bacteriolo­
gist in the United States, recognized the similarity between M 
melltensls and B abortus and suggested that they be given the same 
25 genus name. Meyer and Shaw subsequently established the genus 
Brucella into which both organisms were placed and were named as 
E[ abortus and B melltensls.Several additional organisms have 
subsequently been entered into the genus Brucella, and are named 
according to their natural host. Brucella suis was Isolated by Traum 
6 
95 
In 1914 from fetuses expelled prematurely from sows. Brucella 
species ovls, canls, and neotomae have sheep, dogs, and desert wood 
rat, respectively, as their natural hosts. 
The significance of excretion of brucellae In milk of affected 
species has Impacted the understanding of brucellosis and Its causative 
agent. After Bruce's isolation of M melltensls. the British government 
established a commission to study Malta fever. The commission obtained 
6 goats as experimental animals and unexpectedly found that 5 of 6 
goats already had detectable blood agglutination titers for M 
91 
melltensls. In 1905, further examination by Zammlt and Horrock, both 
members of the commission, demonstrated that goats were the natural 
host for this organism. They showed that M melltensls localized in the 
udder and was transmitted to humans through milk. Restricted ingestion 
of raw goat milk products drastically reduced the disease incidence 
among military personnel on Malta. 
The discovery of Bacillus abortus in cow's milk was first 
announced by Schroeder and Cotton, of the Bureau of Animal Industry, in 
Bethesda, Maryland, at the American Veterinary Medical Association 
81 
meeting in 1911. Excretion of brucellae from the udder established 
the link between ingestion of unpasteurized milk products and human 
brucellosis in the United States, where infection was most commonly due 
to 2 abortus. 
In 1950, the Chicago Board of Health declared that beginning in 
1955, milk and cream to be used for human consumption was to originate 
only from brucellosis-free herds. In 1953, the United States Public 
7 
Health Service issued a similar recommendation to all municipalities. 
These declarations initiated the implementation of the accelerated 
brucellosis eradication program for the United States in 1954. The 
serious economic threat Imposed on dairy states necessitated elimina­
tion of Brucella-infected herds, and motivated states to enforce 
brucellosis eradication programs. 
Organism characteristics 
Brucella species are Gram-negative, nonmotile, nonspore forming, 
individually-arranged, coccobacilll or short rods.^ '^^  ^ Organisms 
measure approximately 0.5 micron by 0.6-1.5 microns and have straight 
sides with rounded ends. Respiration is aerobic with a 
cytochrome-based electron transport system. Most initial isolations of 
JB abortus and ^  ovls require supplemental COg for growth. Colony 
growth on enriched agar media requires 3-5 days at 37°C, with maximum 
colony size at 5-7 days. Colonies are circular, convex, transluscent, 
and a pale honey color when illuminated with transmitted light. 
Strains are classified as smooth or rough, based upon production of 
outer polysaccharide side chains of the llpopolysaccharide cell wall 
moiety. Strains which produce complete llpopolysaccharlde-protein 
moieties produce smooth colonies on agar. 
The genus Brucella is a discrete group which is not closely 
related to other bacteria. The taxonomic system for the genus Is based 
on recommendations of the Sub-Committee on Taxonomy of Brucella of the 
International Committee on Bacteriological Nomenclature. Species 
within the genus have homologous polynucleotide sequences, and are 
8 
separated based on phage lysis, agglutination with monospecific 
antisera, metabolic and CO^  requirements, urease and H^ S production, 
and dye sensitivity. Generally, members of the Brucella genus are 
stable. Species are subtyped into biovars, with biovar 1 being the 
most characteristic type for each species. Plasmids have not been 
identified. 
Morphologic and cultural characteristics of jS abortus are as 
described for the genus. The primary host for this species is cattle, 
yet it is pathogenic for other ruminants, man, horses, and a variety of 
mammals and laboratory animals. Natural infection of animals other 
than cattle is typically self limiting and nontransmissible. Brucella 
abortus strains are subtyped into 8 biovars, which are separated 
according to COg requirement for primary Isolation, HgS production, 
growth on thionine or basic fuchsin containing media, and agglutination 
with monospecific antisera A (abortus) and M (melltensls). The major 
surface antigens in both smooth and rough strains are located in the 
llpopolysaccharide-proteln cell wall component. Cross agglutinating 
reactions have been reported to occur due to similar antigenic rela­
tionship between cell surface components with the following organisms: 
Yersinia enterocolltlca 0:9, Franclsella tularensls. Vibrio cholera, 
and Escherichia coll. 
Brucella abortus strain 2308, first isolated from a cow with 
clinical brucellosis, is a commonly used type-strain for experimental 
induction of brucellosis in the United States. It is a member of 
biovar 1, and does not require supplemental CO^  for isolation. 
9 
Epidemiology 
Brucellosis continues to be a major disease in food-producing 
regions of the world. In food animals, brucellosis Is caused by 4 
62 
species of Brucella; B^ abortus, B melltensls, B ovls, and B^  suis. 
All but B^  ovls produce human infections. Clinical disease occurs in 
sexually-mature animals and Is manifested by abortions, stillbirths, 
weak neonates, and epidldimytls. Organisms are shed in placental and 
52 80 fetal tissues, uterine exudate, milk, and semen. ' Natural 
transmission is typically by the oral route from licking of Infected 
placenta and fetal tissues. Brucellae can infect animals if 
administered systemically, orally, and topically to the conjunctivae, 
teat canal, uterus, and skin. Venereal transmission occurs with 
natural breeding of sheep and pigs, and with artificial insemination of 
cattle. Venereal transmission occurs when brucellae are deposited with 
semen directly into the uterus, thus bypassing the more resistant 
vaginal and cervical mucosa. Brucella has a marked affinity for 
placental membranes and fetal tissues.Typically, 
brucellae are cleared from the uterus following fetal expulsion; the 
host seldom aborts in subsequent pregnancies in spite of persistent 
52 infection. Udder and supramammary lymph nodes in chronically 
20 28 U1 QQ infected cows are the most frequent sites of localization. ' ' ' 
Calves are exposed In utero and through ingestion of organisms in 
milk. In calves nursing an infected cow, brucellae localize primarily 
in lymphoid tissue draining the alimentary canal and can be passed 
10 
Intact in the feces.Brucellae are generally cleared from the 
calf after weaning, but it is suspected that a small percentage of 
heifer calves remain persistently and subclinically infected, and 
subsequently manifest the disease when pregnant. Subclinically in­
fected cows facilitate spread of brucellosis to uninfected herds. 
Outside the host, brucellae are readily killed by disinfectants, 
ultraviolet radiation, heat, and drying. They can survive in water and 
organic and fecal materials, often for extended periods under condi­
tions of near freezing temperatures and slow drying. 
Humans are Infected by ingestion of unpasteurized Brucella-
contaminated goat and cow dairy products, and packers, farmers/ 
33 85 
ranchers, and veterinarians during occupational exposure. * 
Brucella melitensis infection in the United States is typically in 
persons ingesting unpasteurized goat milk products obtained from other 
countries. Human to human transmission does not occur. 
Pathogenesis 
Brucellae are tropic for reproductive and lymphoid tissues, 
especially In sexually mature animals. Following mucosal exposure, 
organisms penetrate the epithelial surface, are ingested by phagocytic 
94 leukocytes, and are transported in lymph to regional lymph nodes. 
Âckermann et al. showed that brucellae Inoculated Into calf ileal gut 
loops were translocated across epithelium by lymphoeplthellal cells 
covering ileal Peyer's patches, and then Ingested by macrophages and 
neutrophils in the lamina propria.^  In susceptible animals, 
replication of Brucella occurs intracellularly within regional lymph 
11 
nodes. Subsequently, Brucella-contalnlng phagocytic cells, and 
possibly free organisms, disseminate hematogenously to peripheral 
Q 
tissues. Intermittent bacteremia may persist Indefinitely. 
In pregnant cows, brucellae commonly localize In lymph nodes, 
20 28 67 51 87 
spleen, mammary gland, uterus, placenta, and fetus. * ' ' * 
28 
Liver and kidney are less often Infected. In a study by Payne In 
1959, 11 conjunctlvally-Inoculated, pregnant cows in mldgestatlon were 
sequentially monitored to determine the distribution of organisms and 
progression of lesions.Brucellae replicated In the cranial lymph 
nodes prior to hematogenous dissemination to the spleen at 2 weeks. 
Brucellae were Isolated from peripheral lymph nodes, placenta, and 
udder, at 3, 4, and 6 weeks, respectively. A similar sequence of 
dissemination of organisms to lymphoid tissues has been observed in 
conjunctlvally-inoculated calves. 
The gravid uterus is especially susceptible to infection; 
B abortus causes an acute necrotizing placentitis and vasculitis. Late 
gestational abortion and expulsion of dead or weak neonates results 
from infection and replication in placental and fetal tissues. 
Abortion has been attributed to interruption of the fetal blood supply 
either due to direct placental damage or release of Brucella endotoxin 
with subsequent damage to fetal vascular endothelium,** and to fetal 
stress and inflammatory changes. Direct in utero inoculation of 
Brucella into fetuses causes increased fetal Cortisol levels, 
granulomatous lesions in multiple organs, and premature fetal 
12 
24 
expulsion. Since aborted fetuses may or may not be Infected, fetal 
Infection Is not a prerequisite for abortion. 
Theobald Smith, In 1919, first described the characteristic 
localization of 2 abortus In placental chorioallantoic trophoblastic 
epithelial cells, where brucellae replicate to high numbers and fill 
86 
the cell cytoplasm. The pathogenesis of placental Infection has been 
further studied by Anderson et al., Molello et al., and Payne. 
Consistent findings were placental edema, perlplacentomal exudates 
(necrotic cellular debris, macrophages and neutrophils, sloughed 
epithelium, and intra- and extracellular brucellae), chorioallantoic 
ulceration, and cotyledonary necrosis. Initially, brucellae infect 
hemophagocytlc trophoblasts at the base of the chorionic villi, and 
then spread to perlplacentomal trophoblasts. In many placentas, large 
colonies of organisms develop in stroma of cotyledonary villi. 
Lesions present in Brucella-lnfected cows include lymphofollicular 
hyperplasia in lymph nodes and spleen, and lymphoplasmacytlc and 
granulomatous endometritis and interstitial mastitis.In fetal 
tissues, there may be histiocytic and suppurative infiltrates in 
bronchioles and lung interstitium,^ '^^ *^®^  generalized perivascular 
mononuclear leukocytic cuffing, and granulomatous inflammatory 
responses in lymphoid tissues and liver. 
Intracellular localization 
Localization and replication of B abortus in phagocytic and 
epithelial cells in vivo has been well documented and suggested to play 
13 
an Important role In the pathogenesis of brucellosis. 
Opsonized brucellae are readily phagocytlzed by neutrophils and 
macrophages; within these cells, organisms survive and replicate In 
phagosomes and phagolysosomes.Several theories have 
been proposed by which B abortus survives In phagocytes, which Include: 
Inhibition of the respiratory burst. Interference with 
phagosome-lysosome fusion and degranulatlon of primary granules, and 
resistance of virulent brucellae to the activity of lysosomal 
enzymes.6'31,34.74 
The myeloperoxidase-HgOg-halide system is the primary oxidative 
antibrucellar system in neutrophils.^ *^Function of this system 
after bacterial ingestion requires a respiratory burst, phagolysosome 
fusion, and degranulatlon of primary granules. Myeloperoxidase is 
contained In primary granules, and HgOg is derived from the respiratory 
burst. Formation of HgOg by phagocytic cells is probably not 
inhibited, since it has been shown that phagocytosis of opsonized 
13 35 brucellae stimulates the respiratory burst. ' Electron microscopic 
examination of neutrophils treated with ^  abortus cell extracts has 
shown that degranulatlon is inhibited following ingestion of zymosan.^  
Evaluation of granule types in these neutrophils revealed that 
degranulatlon of primary granules (which contain myeloperoxidase) was 
inhibited, but not that of secondary granules. Further evaluation by 
Canning et al. showed that purine nucleotides and bases released from 
the surface of B abortus were able to inhibit degranulatlon of primary 
11 12 (myeloperoxldase-posltlve) granules in vitro. ' Release of purines 
14 
from brucellae following phagocytosis In vivo would Inhibit 
degranulatlon of primary granules, and thus Inhibit release of myelo­
peroxidase. 
Resistance to digestion by lysosomal enzymes may be related to the 
llpopolysaccharlde moiety of the surface of ^  abortus. In a comparison 
of smooth and rough strains of abortus, cell walls of the smooth 
strain were more resistant than the rough strain to digestion by 
46 hydrolytlc enzymes. Presumably, resistance to lysosomal enzymes is 
related to presence of complete llpopolysaccharlde cell surface 
moieties of smooth strains. While both smooth and rough strains of 
 ^abortus are susceptible to killing by myeloperoxldase-HgOg-hallde 
mixtures In vitro, smooth strains are more resistant than rough 
74 
strains. Similarly, survival and replication of smooth strains is 
greater than rough strains following phagocytosis by macrophages and 
neutrophils isolated from blood.Generally, smooth strains of 
B abortus are pathogenic for cows, whereas rough strains are 
nonpathogenic; this is probably due to increased organism survival in 
phagocytic cells. 
Survival of brucellae in macrophages of bovine mammary glands may 
be due to resistance to the bactericidal activity of lysosomal con­
tents. Harmon et al. examined the interaction of both smooth and rough 
strains of B abortus and macrophages isolated from mammary glands. 
Opsonized brucellae were readily phagocytized, stimulated an oxidative 
burst, and localized in phagosomes and phagolysosomes. Smooth strains 
of 2 abortus survived lysosomal killing and were able to replicate 
15 
within the phagolysosome to a greater extent than rough strains. 
Ineffective brucellacldal activity of macrophages may be due to lack of 
63 
myeloperoxidase In lysosomes of bovine macrophages, which may 
decrease the oxidative antibacterial killing mechanisms. 
Brucella abortus replicates in clsternae of rough endoplasmic 
2 3 
reticulum (RER) of placental trophoblastic epithelial cells. ' 
Localization in RER also occurs in mesenchymal, mesothellal, yolk 
endodermal, and hepatic cells in experimentally infected chick 
21 
embryos. Legionella pneumophila is the only other bacterium known to 
39 localize in RER, however this occurs In macrophages. Specific 
mechanisms of attachment, uptake, and entry of B abortus into RER has 
not been determined. Anderson speculated that brucellae utilize RER 
2 for synthesis and glycosylation of bacterial membrane proteins. 
Another advantage of localization in this site may be to escape cellu­
lar antibacterial mechanisms. Escape of brucellae from the phagosome 
into RER does not appear to be a mechanism by which £ abortus resists 
killing by phagocytic cells. Electron microscopic examination of 
brucellae in phagocytic cells reveals localization of organisms only in 
phagosomes and phagolysosomes. 
The affinity of ^  abortus for placenta may be due to high levels 
of erythrltol in trophoblastic epithelial cells. 
Pathogenic strains of B abortus utilize erythrltol in preference to 
glucose as an energy substrate, whereas most cultures of an attenuated 
vaccine strain of ^  abortus (strain 19) are inhibited by 
erythrltol.Erythrltol-sensitive B abortus strain 19 lacks 
16 
D-erythrulose 1-phosphate dehydrogenase, an enzyme necessary for 
erythrltol catabollsm. Nonmetabollzable analogs of erythrltol Inhibit 
84 
B abortus growth In vitro. Erythrltol has not been proven to be the 
single factor which explains the predilection of brucellae for 
placenta; mouse and rabbit placentas do not contain erythrltol, yet are 
readily Infected by Brucella.^  
Host response 
The immune response of cattle to Brucella exposure is both humoral 
and cell mediated; however, host protection is attributed primarily to 
the adequacy of the cell mediated immune response.Defense 
mechanisms required for elimination of brucellae from the host remain 
to be identified; ingestion of brucellae by phagocytic cells in 
susceptible animals is insufficient to eliminate infection. Cheers 
found that resistance to brucellosis could be transferred in mice with 
a subset of T-lymphocytes, which is the same subset which induces cell 
mediated immunity to Listeria monocytogenes, another facultative-
intracellular bacterium.She also demonstrated dependency of the 
humoral response on the cell mediated response, and that abrogation of 
antibody production did not influence infection. Activation of 
T-lymphocytes is required to mediate the Immune response against 
facultatlve-intracellular bacteria. Splitter and Everllth have shown 
that ingestion and processing of brucellae by macrophages is necessary 
92 for T-lymphocyte activation to occur. Activation required recogni­
tion by T-lymphocytes of brucellar antigen in combination with major 
histocompatibility class II complex presented on the macrophage 
17 
surface. Monoclonal antibody directed against determinants of major 
histocompatibility class II complex abrogated the T-lymphocyte 
response, thus helping to confirm their findings. 
Anatomy and physiology of the ruminant mammary gland and supramammary 
lymph node 
Mammary glands are modified, cutaneous sweat glands that secrete 
milk and colostrum, which provide nutritional support and passive 
immunologic protection to the neonate. In cattle, sheep, and goats, 
each gland develops from one primary sprout along the mammary ridge of 
the ventral lateral ectoderm to form a single, large, secretory organ 
with one teat orifice. There are four mammary glands In the cow, and 
two in both the sheep and the goat. 
The majority of the arterial blood supply to the udder is from the 
external pudendal arteries. Additional blood is received caudally from 
the perineal artery. Venous blood exits through external pudendal and 
superficial abdominal veins. 
The secretory unit of the mammary gland is the alveolus. Approxi-
26 102 
mately 200 alveoli are clustered to form a lobule. ' Alveolar 
secretions empty into alveolar ducts, which are drained by ducts to the 
lactiferous sinus. The lactiferous sinus has two parts: the gland 
sinus and the teat sinus. Alveoli are separated by intralobular 
connective tissue septae. Interlobular connective tissue is denser, 
wider, and less cellular than intralobular connective tissue. 
Alveoli are lined by a single layer of cuboidal to low-columnar 
secretory epithelium, which overlie myoepithelial cells. The latter 
18 
cells are flattened and have numerous branching and Interdlgltatlng 
cytoplasmic extensions, which form a meshed, basket-like structure 
circumscribing the alveolus. Alveolar epithelial cells produce and 
release a variety of substances Into the lumen to form milk. Casein, 
lactose, calcium, and citrate are packaged Into vacuoles and released 
by merocrlne secretion. Lipid droplets form In the cytosol and are 
released In detached plasmalemma. Immunoglobulins are taken up on the 
basalar surface by receptor-mediated endocytosls, transported through 
cytoplasm to the apical surface, and released. Water, Na*, K^ , and Cl~ 
freely diffuse through epithelium Into the alveolar lumen. Duct 
epithelium has diminished secretory capabilities as compared to 
26 
alveolar epithelium. 
In lactatlng mammae, alveolar epithelial cells are low cuboidal to 
columnar with a domed apical surface, and have a round to oval nucleus 
in middle or basallar cytoplasm. The cytoplasm contains many short 
mitochondria, abundant rough endoplasmic reticulum, a supranuclear 
Golgi apparatus, intermediate filaments, and few lysosomes. Membrane 
bound vesicles which contain protein (casein) globules are in the 
cytoplasm and originate from the Golgi apparatus. Fat droplets are 
small in basallar cytoplasm and coalesce as they approach the apical 
surface, where they are circumscribed by a small amount of cytoplasm. 
Microvilli are on the apical surface. Desmosomes and hemidesmosomes 
are in the lateral and basallar cytoplasmic membranes, respec­
tively. 26.27, 89, 101 
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With cessation of lactation, the cytologic changes reflect the 
decreased protein and lipid secretion by the cell. There Is a decrease 
In the cytoplasm to nucleus ratio, accompanied by fewer clstemae of 
rough endoplasmic reticulum, Golgl components, and mitochondria. 
Microvilli decrease In size and number on the apical cell surface. Fat 
droplets occupy most of the apical cytoplasm and there are more 
lysosomes. Intra- and Interlobular stroma progressively Increase In 
26 89 103 quantity as the amount of epithelium decreases. * ' 
Mammary gland development and secretory functions are responsive 
to hormonal substances, which act to control mammogenesls and lacto-
genesls. In the sexually maturing female, there is expansion of the 
duct system. Growth is primarily dependent upon ovarian-produced 
estrogen and progesterone, but also upon prolactin and somatotropin 
derived from the pituitary gland. Further development occurs during 
pregnancy due to elevated circulating levels of estrogen, progesterone, 
and hypophyseal and adrenal hormones. The duct network proliferates 
and alveoli differentiate and increase in number and size. Milk 
formation is inhibited by estrogen and progesterone during pregnancy; 
following parturition, circulating levels of these hormones decline and 
the lactogenic effect of prolactin positively influences milk 
production. Oxytocin (produced in the neurohypophysis) stimulates 
myoepithelial cell contraction causing milk expulsion from mammary 
glands. 
Lymphatic capillaries in the Interalveolar connective tissue form 
a network around alveoli. Lymph drains into supramammary lymph nodes 
20 
at the caudal base of the udder. Supramammary lymph nodes are usually 
paired, but individuals may have one to several lymph nodes In this 
site. Efferent lymph from supramammary lymph nodes passes through 
external iliac lymph nodes into the cysterna chyll and thoracic duct, 
26 37 
and drains into the blood stream. ' 
Lymph node parenchyma is divided into two zones, an outer cortex 
and inner medulla, and is enclosed in a thick connective tissue cap­
sule. The cortex is composed of B and T lymphocytes organized into the 
outer cortex (primarily B lymphocytes) consisting of primary and 
secondary follicles, and Inner cortex or paracortex (primarily T 
lymphocytes), which consists of loosely arranged lymphocytes, Inter-
73 digltatlng reticular cells, and postcapillary venules. Lymphocytes 
in the paracortex are derived from a recirculating pool of lymphocytes 
which enter the lymph node through postcapillary venules. Follicles 
are oriented along the outer cortex and cortical sinuses, and combined 
with their associated paracortex, form functional units termed 
97 
composite nodules. These function to respond to antigenic stimula­
tion and coordinate an appropriate Immune response. The medulla is 
composed of cords of plasmacytes and small lymphocytes separated by 
lymph-filled sinuses and connective tissue septae. 
Antigenic stimulation elicits cellular changes in the lymph 
73 
node. Soon after presentation of an antigen to a lymph node, there 
are Increased granulocytes in both lymph node parenchyma and sinuses. 
Antigen is localized in macrophages lining the medullary sinuses and In 
dendritic cells of the cortex, especially in secondary follicles of 
21 
previously stimulated lymph nodes. At two to three days, granulocytes 
are not present and lymphoblasts and transitional forms between 
lymphocytic and plasmacytlc cell lines appear In the cortex. 
Well-clrcumscrlbed nests of large lymphocytes form In the outer cortex 
which represent newly formed germinal centers. At seven days, germinal 
centers are well-formed, the paracortices are expanded, and plasmacytes 
are in the medullary cords. Plasmacytes produce antibody specific for 
the stimulating antigen. 
Lymph node changes resulting from presentation of an antigen which 
stimulates cell mediated Immunity are similar to that previously 
73 described. The paracortices markedly enlarge and contain increased 
numbers of lymphoblasts, which are precursors to small lymphocytes. 
Mature lymphocytes leave the paracortex and empty into efferent lymph. 
Germinal centers are usually present, but may be few in number. 
Plasmacytes are in medullary cords. 
Brucellae stimulates both cell mediated and humoral Immunity. 
Morphologic changes in Brucella-stimulated lymph nodes are compatible 
with the previous descriptions. 
Immune defense of ruminant mammary gland 
Mammary gland infections in the ruminant are primarily caused by 
bacterial agents, less often by fungi, and rarely by viruses. It is 
estimated that Gram-positive cocci are responsible for 90% of clinical 
cases of bovine mastitis. Streptococcus agalactia, S uberis, £ 
zooepidemicus, S dysgalactiae. Staphylococcus aureus, coliforms, and 
22 
Actinomyces pyogenes are the most commonly Isolated etlologic 
.gent.,"'" 
Bacterial Invasion of mammary gland Is by one of three routes: 
through the teat canal, hematogenously, and by percutaneous Infection. 
Common pathogens such as Gram-positive cocci, typically enter through 
the teat canal, and disseminate retrograde through ducts. Facultative-
intracellular bacteria, such as Brucella, Mycobacteria, and Listeria, 
enter mammary glands hematogenously; however, galactogenous entry and 
distribution can occur. It is currently debated whether coliform 
bacteria enter the mammae through the teat canal or by hematogenous 
distribution; invasion by both routes probably occurs.Pathogenesis 
studies on mammary gland infection have dealt primarily with the common 
mammary pathogens which enter through the teat canal. Findings may not 
be applicable for organisms which enter through other routes. 
Immune defense of mammary gland can be divided into specific and 
nonspecific systems.Nonspecific defense components include: 
anatomic structure of the mammae, the keratinized epithelial lining of 
the teat canal, flushing action of milk, and presence of 
lactoperoxldase thiocyanate-hydrogen peroxide system, lactoferrin, 
lysozyme, complement, and phagocytic cells in milk. Lysozyme levels in 
bovine milk are low. Specific defense components include antimicrobial 
antibody, and specifically stimulated T-lymphocytes. 
Normal ruminant milk contains 200,000 cells/ml milk, of which 80% 
68 
- 90% are neutrophils and macrophages. Less than 2% are epithelial 
cells and the remainder are lymphocytes. In a study examining 
23 
morphologic changes in bovine mammary glands during Involution, 
leukocytes Increased in mammary gland parenchyma from cessation of 
89 
nursing until parturition. Macrophages and neutrophils are most 
prevalent in alveolar lumens, while in the subepithelial stroma 
macrophages and lymphocytes predominate. Luminal phagocytic cells are 
probably responsible for both immunologic defense against pathogens and 
removal of milk substances and degenerate epithelium during involution. 
The cytoplasm of macrophages and neutrophils in noninfected mammary 
gland alveoli contain fat, casein, and cell debris. 
Phagocytic leukocytes in milk have decreased in vitro phagocytic 
and killing capabilities as compared to those isolated from blood. 
Naidu found that neutrophils isolated from milk contained 38% less 
glycogen than neutrophils from the blood.Addition of glucose to the 
media (milk) Increased neutrophil phagocytic capabilities in vitro. 
Milk substances also interfere with neutrophil function. Milk lipid 
and casein inhibit the ability of neutrophils to phagocytose and kill 
staphylococci in vitro; this is In part due to lysosomal exhaustion and 
loss of neutrophil cell membrane following ingestion of lipid and 
casein.'»*" 
Antibodies in milk are produced locally or are derived from the 
systemic circulation, and reflect the antigenic exposure in the enteric 
tract and mammary gland.In contrast to monogastric species in 
which IgA antibodies predominate in milk, IgG predominates in 
ruminants. Immunoglobulin G is preferentially derived from the 
systemic circulation, attaches to specific receptors on the basallar 
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epithelial cell surface, and Is translocated into milk. The function 
of antibody in milk is to inhibit adherence of microbes to mammary 
epithelium, neutralize microbial products, and opsonize particles. 
Immunoglobulins and M are the most efficient antibodies for 
opsonization of bacteria for ingestion by macrophages. 
Lymphocytes Isolated from milk are functional and can mediate 
immune responses in the mammary gland.Localization of these cells 
in the mammae is thought to be mediated by specific receptors. 
Brucella abortus infection of the ruminant udder 
Infection of the udder with ^  abortus elicits a relatively mild 
host response as compared to many mammary gland pathogens. Clinical 
signs associated with ^  abortus infection of the mammae are typically 
limited to mild reduction in milk production and an increase in 
32 96 leukocytes in milk. ' Supramammary lymph nodes may be enlarged, but 
g r o s s  l e s i o n s  a r e  n o t  d e t e c t e d  i n  m a m m a r y  g l a n d s . M i c r o s c o p i c  
findings are present in most cases, but are not pathognomonic for 
brucellosis. There Is a mild to moderate, chronic, lobular, 
23 QP 7fi 0 0 
lymphoplasmacytlc and histiocytic, interstitial mastitis. ' ' ' 
The most complete description of mammary gland changes associated 
with B abortus Infection was given by Rldala, as quoted by Huddleson.^  ^
He described mammary gland changes occurring in all quarters of the 
udder, and throughout the entire quarter. Lesions were initially 
present in lobules, and subsequently in ducts and Interlobular septae. 
Lobules were infiltrated with polymorphonuclear and mononuclear 
leukocytes, which localized in intralobular septae and alveolar 
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epithelium and lumens. There was fatty degeneration of epithelium in 
affected alveoli. As the duration of infection Increased, poly­
morphonuclear cells progressively decreased in numbers, and 
lymphocytes, macrophages, and plasmacytes Increased in the Inter-
stltium. Changes In the Intralobular septae were accompanied by 
Increased fibroblasts and collagenous stroma. Coincidentally, 
lactiferous ducts were infiltrated and circumscribed by leukocytes. 
Duct epithelium was hyperplastic and segmentally cornifled, and 
Interlobular septae were thickened in chronically infected mammae. 
Granulomatous foci were present in Intralobular and periductal stroma; 
these occasionally contained multinucleated giant cells. 
Other investigators also found that 2 abortus Infection of the 
udder caused an interstitial mastitis. Runnells examined udders from 
four naturally and Intravenously infected cows, and observed lympho-
plasmacytlc interstitial mastitis and galactophorltis, proliferation of 
78 
Interalveolar stroma, and neutrophils in alveolar lumens. All of 
these cows were chronically infected. Emminger described lympho-
plasmacytic and granulomatous Interstitial mastitis in 17 of 19 
Infected quarters obtained from udders of six cows inoculated 
23 
conjunctlvally in mid to late gestation. Hofstad, Payne, and Sholl 
examined udders from 2 abortus infected cows and Identified 
interstitial mastitis as the primary histologic change detected in 
infected mammae. 
Lesions are apparently not seen in all Infected mammae. In the 
study by Sholl, abortus was Isolated from 41/164 mammary glands 
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obtained from 41 naturally-infected, serologically-positive cows. 
Lesions compatible with brucellosis were seen in 26 Infected mammary 
glands. Variations in lesion production may be attributable to the 
chronicity of infection, severity of Infection, and susceptibility of 
mammary glands to ^  abortus infection at different stages of lactation. 
Studies suggest that there is a significant time lag from inocula­
tion until infection of the mammae, and that mammary lesions would not 
be seen in acutely and subacutely infected animals. Payne 
conjunctivally Inoculated 11 pregnant cows and examined Zhem 8 to 45 
days later.Findings of interstitial mastitis was not seen until 38 
days postlnoculation, which coincided with the appearance of brucellae 
in the udder. Brucellae were Identified in tissues peripheral to the 
head only after evidence of bacteremia, suggesting that brucellae 
disseminate hematogenously to mammary glands. Similarly, Emmlnger 
conjunctivally inoculated five cows during midgestation, and initially 
isolated brucellae from milk only after 30 to 105 days 
23 postlnoculation. 
There are also indications that susceptibility of the udder to 
B abortus infection changes with the different stages of lactation. 
The nonlactatlng mammary gland may be most susceptible. Emmlnger noted 
that lesions were more prevalent in dry mammary glands Chan lactating 
mammary glands; however, he attributed this to condensation of stroma 
which enhanced the concentration of inflammatory sites. Excretion of 
brucellae from the mammae is more frequent in colostrum and during late 
lactation which suggests that brucellae may be more prevalent during 
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the dry period, but may also reflect the concentrating effect on 
bacterial numbers from reduced milk production.*^  
Infection of the mammae In most Instances Is from hematogenous 
dissemination;*^  however, mammary glands are readily infected after 
99 galactogenlc distribution. The progression of mammary lesion 
development is more suggestive of hematogenous entry. Rldala (as 
quoted by Huddleson) and Runnells both observed that lobular lesions 
occurred prior to duct lesions.This may have been expected to be 
reversed if the infection were galactogenlc. Sites of mammary 
localization are not known; the tropism of brucellae for phagocytic 
leukocytes and epithelial cells may be Important In the pathogenesis of 
mammary gland Infection. Emminger and Rldala both observed bacteria in 
inflammatory foci in infected mammae, but did not identify the exact 
location of organisms.Without specific labeling techniques, 
specific Identification of brucellae was not possible. 
Qualitative changes in milk of Infected cows is limited to 
Increased numbers of leukocytes and presence of antl-Brucella antibody 
16 29 32 72 
and brucellae. ' ' ' The Increase in numbers of leukocytes in 
milk is typically mild. Injection of killed brucellae into the teat 
88 
canal Induces exudation of neutrophils into the milk. 
Antl-Brucella antibody in milk is locally produced and not derived 
78 88 93 from the blood. ' ' Smith et al. injected brucellar antigen into 
2 one quarter per udder in cows and showed that there were Increased 
agglutinin titers in milk from Injected quarters and serum, but not in 
88 
milk from nonlnjected quarters. It appeared that antibody passed 
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from the udder Into the blood, but not vice versa. Similarly, Kerr et 
al. infused udders with killed brucellar antigen and found that 
specific antibody was present in milk from infused, but not noninfused 
45 
udders. They concluded that antl-Brucella antibodies were locally 
produced. 
The ability of the udder to respond to local antigenic stimulation 
may relate to the stage of lactation. Lascelles et al. Infused killed 
2 abortus into one mammary gland from each of several ewes simultaneous 
to Infusion of killed Salmonella typhi into the other mammary gland. 
Specific antl-Brucella and anti-Salmonella antibodies were produced in 
the appropriate Infused mammary gland; however, antibody levels in milk 
were markedly decreased below blood levels in ewes Infused during 
lactation, equal to blood levels in ewes infused prior to parturition, 
and markedly higher than blood levels in ewes infused at the end of 
lactation. The variation in antigenic stimulation may relate to 
flushing of the antigen from the mammary gland by the milk, dilution of 
antibody with milk, or variation in the immune response in the udder 
during different stages of lactation. Since blood levels indicate 
antigenic exposure of the host occurred, it appears likely that 
antibody in milk was diluted due to active lactation. 
Between 29% and 83% of cows in infected herds excrete brucellae 
32 into the milk. Brucellae can be excreted in the milk at any stage of 
lactation, but is most frequently excreted in colostrum and during late 
32 60 lactation. ' Excretion is usually intermittent throughout lactation 
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and may persist for years. Numbers of brucellae may. reach 200,000 
colony-forming units per milliliter milk. 
Definitive diagnosis of udder infection is done by Isolation of 
2 abortus from milk. Since excretion of brucellae in milk is Intermit­
tent, diagnosis is facilitated by specific serologic tests. The 
Brucella Ring Test (BRT) is used for detecting antl-Brucella antibody 
in mllk.^  ^ The test is very sensitive and can be used on pooled milk 
samples, as well as individuals. Since milk and serum antibody titers 
are Independent, a positive serologic titer in milk is presumptive of 
mammary gland infection. 
Animal models for brucellosis 
Studies on bovine brucellosis in its natural host are limited by 
expense and size of cattle, duration of gestation (283 days), and 
facilities required to perform adequate experimentation. Commonly used 
animal models are mice, rabbits, small ruminants, guinea pigs, and 
lemmings. Additionally, primates, swine, chickens, and chick embryos 
have all been utilized. Small ruminants such as goats and sheep are 
suitable models for pathogenesis studies due to their anatomic and 
physiologic similarity to cattle. 
Goats are the natural host for B^ melitensis, a species considered 
more virulent than ^  abortus. The pathogenesis of B melitensis Infec-
tlon in goats is similar to B abortus infection in cattle. 
Studies show that goats are excellent models for bovine 
brucellosis studies.Confirmed cases of natural infection of 
goats with 2 abortus are rare; however, goats are readily susceptible 
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to ^  abortus administered Intravenously or topically to the conjunc­
tivae. The acute disease process mimics that which occurs In pregnant 
cattle Infected by similar routes and with the same strain of Brucella. 
In 1933, van der Hoeden Inoculated a male goat with IB abortus and 
98 
recovered organisms from blood, mandibular lymph node, and spleen. 
In 1939, Doyle Infected goats conjunctlvally with brucellae isolated 
22 from cattle. Abortion was caused In 36 of 48 pregnant females, and 
brucellae were Isolated from lymphoid and reproductive tissues. 
Brucella abortus remained stable after passage through goats. 
Recently, Meador et al. conjunctlvally inoculated pregnant goats 
In mldgestatlon with B abortus strain 2308.^ *^^  ^ The disease In goats 
paralleled that of brucellosis In cows as determined by clinical signs, 
bacterial localization, serologic response, and gross and microscopic 
pathologic changes. Clinical signs were limited to delivery of dead 
and weak neonates In late gestation. Brucellae were excreted in milk 
and uterine fluids, and localized In placenta, endometrium, mammary 
glands, spleen, and lymph nodes. Maternal serologic responses were 
detected by a variety of tests at two weeks postexposure. Antibody 
titers peaked at approximately four weeks, and then declined until 
fetal expulsion, after which, titers Increased above preparturltlon 
levels. Histopathologic changes Included lymphofolllcular 
proliferation In lymph nodes and spleen, and lymphoplasmacytlc and 
granulomatous endometritis and interstitial mastitis in the dam, and 
necrotizing placentitis, and histiocytic and suppurative interstitial 
pneumonia and bronchopneumonia in fetal tissues. In mammary glands. 
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there was a lobular distribution of lesions consisting of diffuse 
lymphoplasmacytic and histiocytic infiltration of intralobular 
interstitium. Dense foci of lymphocytes formed in lobules and 
periductal stroma which replaced alveoli and occasionally formed 
lymphoid follicles. 
Goats were also used by Anderson et al. to elucidate the patho­
genesis of B abortus-induced placentitis.^ *^  In intravascularly 
Inoculated pregnant goats, brucellae localized in RER of trophoblastic 
epithelial cells. Placental and uterine lesions Induced in goats were 
compatible with those in cattle. 
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PATHOGENESIS OF BRUCELLA ABORTUS INFECTION OF THE 
MAMMARY GLAND AND SUPRAMAMMARY LYMPH NODE IN THE GOAT 
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ABSTRACT 
Ferlpartum goats were Inoculated Intravenously with Brucella 
abortus » and tissues from mammary glands and supramammary lymph nodes 
were examined by light and electron microscopy. Brucella abortus was 
identified in tissues with immunoperoxidase staining and 
antibody-coated colloidal gold. Brucellae were first seen in macro­
phages and neutrophils throughout the mammary gland parenchyma, but 
most often in alveolar lumens. In subsequent samples, infected phago­
cytic leukocytes progressively increased in number, especially in duct 
and alveolar lumens, but also in adjacent epithelium, interstitium, and 
lymphatics. Brucella abortus was detected in phagosomes and phagolyso­
somes in macrophages and neutrophils. Extracellular brucellae were 
associated with degenerate and necrotic infected phagocytes. Organisms 
were infrequently seen in supramammary lymph nodes; when seen, they 
were in macrophages in subcapsular and cortical sinuses, afferent 
lymphatics, and throughout the parenchyma. There were no gross lesions 
in mammary glands. Microscopically, there was a lymphoplasmacytic and 
histiocytic, lobular and periductal, interstitial mastitis. 
Supramammary lymph nodes were enlarged, and had lymphofolllcular 
hyperplasia, medullary plasmacytosls, and sinus histiocytosis. This 
study suggests that phagocytic leukocytes: (1) transport brucellae into 
mammary glands; (2) provide a site for intracellular replication in 
mammary secretions; and (3) transport brucellae from mammary glands to 
supramammary lymph nodes. 
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INTRODUCTION 
Brucella abortus Is a facultatlve-lntracellular bacterium capable 
of surviving and replicating in phagocytic leukocytes and epithelial 
c e l l s . I t  h a s  a  m a r k e d  a f f i n i t y  f o r  l y m p h o i d  a n d  
reproductive organs in ruminants. Brucellae replicate to high numbers 
2 in the gravid uterus, and also infect the udder and lymph nodes of the 
head and inguinal region. In nonpregnant and persistently infected 
cows, the udder and supramammary lymph node are the most common sites 
15 19 29 33 53 
for localization. * > * * Infected mammae intermittently or 
22 37 
continuously excrete brucellae into the milk throughout lactation. ' 
Clinical findings are typically limited to decreased milk production 
18 27 
and Increased numbers of leukocytes in milk. * Gross lesions are 
18 23 45 
not detectable in the mammae, ' ' but supramammary lymph nodes are 
frequently enlarged. 
Mammary glands and supramammary lymph nodes are initially infected 
41 by hematogenous distribution. Following natural exposure of the 
host, brucellae penetrate mucosal surfaces, and are transported to 
regional lymph nodes where they replicate in susceptible animals. 
During subsequent bacteremia, brucellae disseminate to peripheral 
tissues. Organisms circulate in blood in macrophages and neutrophils 
g 
and free in the plasma. Brucella Infection causes a lymphoplasmacytic 
and histiocytic interstitial mastitis, and lymphofollicular prolifer­
ation, medullary plasmacytosis, and sinus histiocytosis in lymph 
n o d e s . I n  t h e  m a m m a r y  g l a n d ,  i n f l a m m a t o r y  f o c i  i n v o l v e  
18 
several alveoli or entire lobules. Mononuclear and 
36 
polymorphonuclear leukocytes are In alveoli, and may be numerous in 
18 
markedly affected lobules. Dense accumulations of lymphocytes in 
lobules and along ducts replace alveoli, and occasionally form lymphoid 
follicles.Chronically Infected lobules have thickened 
intralobular septae with increased collagenous stroma and small, 
atrophic alveoli.The low concentrations of ^  abortus in mammary 
glands and supramammary lymph nodes limit histologic detection of 
organisms; immunoperoxldase-stalned brucellae have rarely been seen in 
macrophages in mammary glands and lymph nodes of goats experimentally 
35 infected with ^  abortus. 
The cell-mediated immune system is required for elimination of 
11 32 51 brucellae from the host. * * In Immune animals, activated macro­
phages are the primary effector cell responsible for killing virulent 
20 brucellae. Dysfunction of any component of the macrophage-
T-lymphocyte Interaction could interfere with an adequate immune 
response and macrophage activation, and lead to persistent infection. 
Mammary gland may be a site in which immune-mediated responses and 
phagocytic cells are hypofunctional and inadequate for elimination of 
faculative-lntracellular bacteria. Macrophages Isolated from mammary 
glands of Brucella-Infected cows have decreased respiratory burst, and 
are less bacteriostatic than macrophages from cows resistant to 
24 Brucella challenge. In susceptible hosts, brucellae may persist in 
12 
macrophages incapable of brucellacidal activity. 
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The objectives of this study were to: (1) characterize the 
histologic changes In mammary glands and supramammary lymph nodes In 
goats infected perlnatally; (2) Identify the cell types and tissue 
sites Infected with brucellae In the mammary gland; and (3) Identify 
the location of brucellae In the supramammary lymph node. Pregnant and 
postpartum goats were used because they respond to ^  abortus In a 
manner similar to cows, and are a good model for pathogenesis studies 
of bovine brucellosis.^  
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MATERIALS AND METHODS 
Twenty-three, pregnant, mixed-breed goats were divided into three 
groups: goats infected with 2 abortus 0 to two days postpartum (five 
goats); goats infected approximately two to four weeks prepartum 
(11 goats): and non-exposed goats (six goats) (Table 1). All goats 
were clinically normal at the time of inoculation. Anti-Brucella 
antibodies, as measured by the card, standard tube agglutination, and 
52 
rivanol plate tests, were not detected in any goat prior to use in 
this study. Animals were separated and confined by group in Isolation 
rooms (two to three goats/room) within the same building. 
Goats were given 1.0 ml of B abortus strain 2308 suspended in 
0.85% NaCl solution in the jugular vein, such that the dose was 1.0 X 
9 10 
10 or 1.0 X 10 colony-forming units (CFU)/goat. 
Goats were anesthetized with 2-4 mg/kg body weight of ketamine 
hydrochloride (Ketaset, Bristol Laboratories, Syracuse, NY) and 0.1 
mg/kg body weight of xylazine (Rompun, Haver-Lockhart, Shawnee, KS) 
injected intravenously. Mammary glands were perfused via 
catheterization of either the caudal aorta through a ventral midline 
laparotomy, or the external pudendal artery through a skin incision 
superficial to the external inguinal ring. Prior to perfusion, the 
following samples were collected for bacteriologic examination: 
undiluted mammary secretions from each gland; a section (approximately 
1 cm X 2 cm X 2 cm) of mammary gland from the caudal base of each 
gland; and a portion of supramammary lymph node. Additional mammary 
secretions were collected for cytologic examination. If necessary 
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to obtain sufficient quantities of cells for cytologic examination, 10 
to 13 ml of 37°C, 0.85% NaCl solution was infused into the teat canal 
and then withdrawn. Catheterized arteries were flushed with 0.5 to 1.0 
liter of heparlnlzed 0.85% NaCl solution. Goats were then killed with 
Intravenous sodium pentobarbital, and mammary glands perfused with 
Intraarterial administration of 1.25% glutaraldehyde and 1.0% 
paraformaldehyde in 0.1 M cacodylate buffer, pH 7.4. After perfusion, 
uterus, and internal iliac and retropharyngeal lymph nodes were 
collected for bacterial culture. 
Tissues for light and transmission electron microscopic (TEN) 
examination were collected from each mammary gland. Cross sections 
(0.3 cm thick) of the entire gland were taken from dorsal, middle, and 
ventral mammary gland. From each section, 1 cm X 1 cm blocks of tissue 
were removed from the lateral, central, and medial areas, resulting In 
nine tissue specimens collected from each mammary gland for light 
microscopic examination. Samples for TEM examination were collected 
from tissue adjacent to light microscopic specimen sites. Proximal and 
distal cross sections were taken from each teat for light microscopic 
examination. Supramammary lymph nodes were sectioned for light 
microscopic examination; samples were collected from subcapsular, cor­
tical, and medullary areas for TEM examination. 
After collection, mammary secretions were stored for 1 to 4 hours 
at approximately 37°C until processing. Cells were collected and 
31 processed. Sedimented cells were suspended in 0.25 to 0.5 ml liquid 
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agar at 60°C, cooled to solidification, and processed for electron and 
light microscopic examination. 
Tissues for light microscopic examination were stored in neutral 
buffered 10% formalin. Tissues were processed by routine paraffin 
embedding techniques and sectioned at 4 to 6 p. All sections were 
stained with hematoxylin and eosln. Selected tissues from each animal 
were stained with Brown and Hoppes modified Gram stain, Gomorl's 
methanamlne silver. Oil Red 0, and Glemsa stains. 
Immunoenzymatlc staining of brucellar antigen in tissues for light 
microscopic examination was done using an avidin-blotln-peroxldase 
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complex technique. Primary anti-Brucella antibody was prepared by 
Intravenous inoculation of whole-cell, heat-killed abortus strain 
2308 organisms into a rabbit. Normal rabbit sera was used as a 
negative control for the primary serum (antibody). Tissues containing 
bacterial organisms of species other than Brucella were stained with 
the same Immunoperoxldase procedure and reagents to serve as a specif­
icity control for the primary anti-Brucella antibody. Actinomyces 
pyogenes, Escherichia coll, Pasteurella haemolytlca, Haemophilus pleu­
ropneumonia, Actlnobaclllus equill. Bacillus spp., and Streptococcus 
spp. did not stain. 
Keratin was specifically stained with an avidin-blotln-peroxldase 
28 
complex technique to identify mammary epithelial and myoepithelial 
cells in order to characterize inflammatory changes Involving mammary 
epithelium. Rabbit polyclonal anti-human cytokeratin antibody (Oako 
Corporation, Santa Barbara, CA) and blotinylated goat anti-rabbit 
41 
antibody (Vectastaln ABC kit. Vector Laboratories, Burllngame, CA) were 
used as primary and secondary antibody, respectively. Hydrogen 
peroxlde-3-amlno-9-ethylcarbazol solution was used as the chromogen-
substrate, forming an alcohol-soluble, red-colored end product at the 
enzyme-antigen localization site. 
2 Mast cell numbers/mm mammary gland Interstltlum were determined 
with light microscopy. Mast cells were counted In a 10 X 10 grid 
2 
measuring 0.36 mm superimposed over the tissue. The area of Inter­
stltlum was estimated by counting grid points superimposed over inter­
stitial space, and determining the percentage of interstltlum in the 
total grid. Five fields in each of two tissue sections were examined 
for each mammary gland. 
The severity of leukocytic infiltration of lobules was estimated 
for each mammary gland. Lobules were graded as normal (scant leuko­
cytes in the lobule), mild (infiltration of lobules with several 
leukocytes), moderate (numerous leukocytes within the intralobular 
septae and/or alveoli, but with minimal disruption of alveolar archi­
tecture) , or severe (numerous leukocytes within the lobule with disrup­
tion or replacement of alveoli). Mammary gland tissue sections 
collected for light microscopic examination (nine tissue sections/ 
mammary gland) were overlaid with a 100 (10 X 10) point grid. The 
percent of lobule area affected was estimated by determining the 
percent of points overlying lobules in each of the four categories. 
The degree of lymphofolllcular hyperplasia of supramammary lymph 
nodes was rated according to the following criteria: none = lymphoid 
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follicles are small and contain few to no germinal centers; mild = 
follicles incompletely line the subcapsular cortex, and several contain 
germinal centers which are small and uniform in size; moderate - many 
follicles are enlarged and often contain large germinal centers; and 
marked - follicles contain large, variably-shaped germinal centers, 
which line nearly the entire subcapsular and perlslnusoidal cortex. 
Mammary gland, lymph node, and pelleted milk cells were processed 
for TEM examination. Ultrathln sections were cut, stained with uranyl 
acetate and lead citrate, and examined by electron microscopy. Three 
specimens were examined from one supramammary lymph node of each goat. 
Between two and 11 mammary gland specimens from each goat were examined 
(Table 5). 
Brucellae in TEM samples were specifically labeled with an Immuno-
gold technique utilizing antl-Brucella antibody coupled to 20 nm 
colloidal gold.^  Antl-Brucella antibody was a mouse monoclonal Immuno­
globulin M antibody specific for a llpopolysaccharlde extract of ^  
abortus strain 2308 organisms (prepared by Marshall Phillips, National 
Animal Disease Center, Ames, lA). 
Brucella-selective medium (tryptose agar containing 5% bovine 
serum, ethyl violet, cyclohexamide, bacitracin, and polymyxin B) was 
used for Brucella Isolation. Mammary tissue and supramammary lymph 
nodes were weighed and diluted with a known quantity of 0.85% NaCl 
solution and homogenized in blenders. An aliquot of homogenate was 
spread onto Brucella-selective medium. Milk (0.25 ml) was spread onto 
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selective media. Internal lilac and retropharyngeal lymph nodes were 
dipped In 80% ethanol and flamed. Tissues were then halved, and the 
exposed Inner surface was minced and smeared directly onto selective 
medium. Uterine luminal surfaces were smeared directly onto selective 
medium. Media were Incubated at 37°C for four days and examined for 
bacterial growth. Brucella colonies were identified by morphologic and 
growth characteristics, and organism agglutination with Brucella-
speclflc antiserum. Quantitative CPU counts of abortus in mammary 
gland, supramammary lymph node, and mammary secretions were determined 
by plating ten-fold dilutions of tissue homogenates and mammary secre­




All goats infected 0 to two days after parturition had delivered 
full-term, live fetuses, and remained clinically normal after 
intravenous Brucella administration. Goats infected prior to 
parturition remained clinically normal until parturition, at which time 
six of seven goats delivered dead fetuses. The remaining goat 
delivered a live, full-term kid. All fetuses were near term except for 
the fetus of goat 13, which was mummified. Control goats remained 
clinically normal and delivered live kids. 
Bacterial isolation 
Brucellae were Isolated at necropsy from every goat that had been 
Inoculated. Numbers of isolations/number of goats for each tissue 
were: 15/16 supramammary lymph nodes, 11/16 mammary glands, 14/32 milk 
samples (9/16 goats), 15/16 retropharyngeal lymph nodes, 15/16 Internal 
iliac lymph nodes, and 13/16 uteri (Table 2). Concentrations of 
brucellae were as high as 1.4 X 10^  CFU/gm mammary tissue, 6.0 X 10^  
g 
CFU/gm supramammary lymph node, and 3.0 X 10 CFU/ml mammary secretion. 
Brucellae were not Isolated from any control goat. 
Necropsy examination 
Gross lesions were not found in mammary glands of 
Brucella-Inoculated goats. Supramammary and Internal iliac lymph nodes 
in Brucella-infected goats were consistently enlarged. Brown, milky 
exudate was present in uterine lumens of goats which had aborted or had 
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given birth prior to necropsy. The quantity of exudate varied from 
scant to 10 to 15 ml. The uterus of goat 11, necropsled two days after 
parturition, was filled with brown, milky, blood-tinged exudate. 
Caruncular surfaces were pale yellow and caseous. Goat 9, necropsled 
prior to parturition at day 15 postexposure, had Interplacentomal and 
perlplacentomal brown, thick exudate, and thick, edematous 
chorioallantoic membranes. One Brucella-lnfected goat (16) had 
multiple, variably-sized abscesses in one mammary gland in which 1 y 
diameter. Gram-positive cocci were seen in histologic sections and milk 
sediment; the identity of this organism was not determined. 
Histologic examination 
Mammary gland, control goats. Lymphocytic foci and follicles were 
in the periductal stroma of two goats (#17 and #21). Ducts adjacent to 
these sites were lined by flattened epithelium Infiltrated with lympho­
cytes and macrophages. Small lymphocytic foci were randomly distrib­
uted in the intralobular interstltlum in mammary glands of one goat 
(17). 
In all control goats, alveoli were lined by cuboidal to columnar 
epithelium and separated by thin connective tissue septae. Nuclei were 
basally or centrally located, and apical cytoplasm often contained 
eosinophilic globular material or large, llpid-filled vacuoles. 
Keratin was identified immunohistochemically in ductal and alveolar 
epithelial and myoepithelial cell cytoplasm. Ductal epithelial cells 
stained more intensely than alveolar epithelial cells. Alveolar lumens 
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were empty or filled with homogenous eosinophilic material (milk or 
colostrum), and few to several 5 to 15y diameter lipid droplets. Mast 
cells were diffusely distributed throughout the interstitlum, primarily 
around vessels. 
Mammary gland, exposed goats. Inflammatory changes were similar 
in does infected prior to and after parturition. Changes were more 
prominent in glands which yielded high numbers of IB abortus by 
bacterial isolation. Lesion severity often varied among lobules within 
the same gland (Fig. 1) and between right and left mammary glands 
(Table 3). Mast cells were diffusely distributed throughout the 
interstitlum, but primarily in perivascular spaces; their numbers 
varied greatly among goats (Table 4). 
Infected mammae had lymphoplasmacytic and histiocytic infiltrates 
in intralobular and periductal interstitlum, macrophage, lymphocyte, 
and neutrophil infiltrates in alveolar and ductal epithelium and 
lumens, and periductal lymphofollicular hyperplasia. 
At seven to 15 days after infection, the intralobular interstitlum 
and alveolar epithelium in affected lobules were diffusely infiltrated 
with lymphocytes and macrophages (Fig. 2). There was a progressive 
Increase in numbers of plasmacytes and multifocally prominent accumu­
lations of lymphocytes and macrophages in interstitlum of subsequent 
samples (Figs. 3 and 6). Adjacent to interstitial leukocytic foci, 
alveolar epithelium and lumens were infiltrated with numerous leuko­
cytes. Dense lymphocytic aggregations markedly expanded the intra­
lobular septae and infiltrated and displaced alveoli in chronically 
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Infected glands. Individual and small foci of neutrophils and 
eosinophils were randomly distributed in mammary gland interstitlum, 
alveolit and ducts. Neutrophils were more prominent in glands con­
taining high numbers of brucellae. 
Inflammatory changes occurred in intralobular ducts simultaneously 
with lobular changes, and preceded changes in interlobular ducts. Duct 
epithelium and periductal stroma were infiltrated with lymphocytes, 
macrophages, fewer plasmacytes and neutrophils, and infrequent 
eosinophils. Ducts In markedly affected lobules occasionally were 
filled with macrophages with abundant foamy cytoplasm, fewer neutro­
phils and lymphocytes, and cell debris (Fig. 4). Leukocytes plugged 
duct lumens in two goats. Fibroblasts and collagenous stroma progres­
sively Increased around interlobular ducts. In one goat (5), small. 
Gram-negative coccobacllll resembling brucellae were in macrophages and 
neutrophils In ducts. Segments of ducts were lined by flattened and 
hyperplastic epithelium in eight subacutely and chronically Infected 
goats. There was segmental duct squamous metaplasia and hyperplasia in 
mammary glands of two goats (Fig. 7); erosion of duct epithelium often 
accompanied sites of squamous metaplasia. The cytoplasm of flattened 
and squamous epithelial cells stained uniformly and Intensely for 
keratin. 
Lymphocytic foci and follicles were more numerous around inter­
lobular than Intralobular ducts (Fig. 5). Lymphoid follicles contain­
ing germinal centers (identified by a central zone of lymphoblasts and 
large lymphocytes circumscribed by a zone of small lymphocytes) were In 
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seven Infected goats. These were seen in one goat at four days after 
infection, but were especially prominent In chronically Infected 
mammary glands. Germinal center mantles were oriented toward the duct. 
Duct epithelium adjacent to lymphoid follicles was often flattened, 
hyperplastic, and infiltrated with macrophages and lymphocytes 
(Fig. 8). 
Mammary glands from four goats (5, 9 ,  14, and 16) were partially 
Involuted. These were characterized by prominent Interlobular collage­
nous septae containing small nests of adipocytes and alveoli (with 
small lumens lined by cuboldal epithelium) separated by thick intra­
lobular interstltlum. 
Teats. Teat cistern changes occurred with the same frequency as 
mammary duct lesions, and were similar to those in Interlobular ducts; 
e.g., periductal lymphofolllcular hyperplasia, multifocal infiltration 
of the epithelium and lamina propria with mononuclear leukocytes, and 
epithelial squamous metaplasia and hyperplasia. 
Mammary secretions. Cells In mammary secretions were mostly 
macrophages and lymphocytes, fewer neutrophils, and rarer sloughed 
epithelial cells. Keratinized squamous epithelial cells were in 
samples collected from goats with squamous metaplasia of mammary duct 
epithelium. Macrophages were filled with lipid globules, amorphous 
globular protein, and pyknotic nuclear fragments. Gram-negative, 1 p, 
coccobacilll resembling brucellae were in macrophages and neutrophils 
from mammary secretions of goats 5 and 16. 
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Supramammary lymph nodes, controls. In three of six goats, lymph 
nodes had thin cortices with small primary and secondary lymphoid 
follicles in the subcapsular cortex and adjacent to cortical sinuses. 
Medullary cords were normal. Subcapsular and medullary sinuses con­
tained few macrophages, lymphocytes, and neutrophils. Lymph nodes of 
goats 17, 20, and 21 had lymphofolllcular hyperplasia, expanded para­
cortices, and thickened medullary cords. 
Supramammary lymph nodes. Infected goats. Lymph nodes from ten of 
16 infected goats had moderate to marked lymphofolllcular hyperplasia 
(Fig. 14). Follicles containing germinal centers were present in the 
subcapsular cortex, adjacent to cortical sinuses and in eight goats, in 
the medullary region. Paracortices were expanded by Increased numbers 
of small lymphocytes. Medullary cords were thick and composed of 
plasmacytes and lymphocytes (Fig. 15). In medullary cords of 11 goats, 
neutrophils and eosinophils formed loosely organized foci mixed with 
myelocytes and metamyelocytes (characterized by oval and Indented 
nuclei and Intracytoplasmic eosinophilic granules). Macrophages, 
lymphocytes, and neutrophils were numerous in and often filled 
subcapsular, cortical, and medullary sinuses (Fig. 15). 
Infrequent findings included: cortical and germinal center 
histiocytic foci, necrosis of cells in germinal centers, cortical 
lymphocytic depletion, and extramedullar/ hematopoiesis. Mast cells 
were numerous in the lymph node medulla of one goat. 
Immunoperoxldase staining of Brucella antigen. In the mammary 
gland. Brucella antigen was detected in eight of 16 infected goats, and 
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In none of the six control goats (Table 5). Stained brucellar antigen 
was abundant in goats 5 and 16, and sparse in six goats. Brucellae 
were in macrophages and fewer neutrophils located in alveolar and duct 
epithelium and lumens, periductal interstitium, intralobular septae, 
and lymphatic and vascular lumens (Figs. 10 to 13). Scant quantities 
of extracellular brucellar antigen were also in alveolar and duct 
lumens of chronically infected mammae containing high numbers of 
brucellae. 
Initially, brucellae were rarely observed, and were seen only in 
phagocytic cells. Macrophages and neutrophils containing brucellar 
antigen were in the following sites in decreasing order of occurrence: 
alveolar lumens, duct lumens, intralobular septae, and between alveolar 
epithelial cells (Figs. 10 and 11). As the duration of infection 
increased, infected macrophages and neutrophils were more numerous in 
mammary glands; their cytoplasm was often filled with brucellar 
antigen. Brucellae in phagocytic cells were most numerous in ducts 
(especially in lumens), and in lesser amounts in alveoli, periductal 
stroma. Intralobular septa, blood vessels, and lymphatics. Brucellar 
antigen was seen in the periductal interstitium only in mammae with 
abundant infected phagocytes in ducts. In mammary glands of one goat 
(5), infected phagocytic cells filled many alveolar and ductal lumens 
(Fig. 13), and extended in lesser numbers into adjacent parenchyma. 
Also, in this goat, brucellae were in the perinuclear cytoplasm of duct 
squamous epithelial cells (Fig. 12). Brucellar antigen was not 
identified within nonsquamous, mammary secretory epithelial cells of 
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ducts and alveoli. Brucellar antigen was also associated with cell 
debris and lipid droplets in duct and alveolar lumens. 
In cells from sedimented milk, brucellar antigen was in macro­
phages, neutrophils, and few squamous epithelial cells. 
Brucellar antigen was stained in macrophages in supramammary lymph 
nodes of five goats (Table 5). Cells containing antigen were rare in 
these lymph nodes. Extracellular brucellar antigen was not seen. 
Antigen-containing macrophages were most common in the subcapsular and 
cortical sinuses, but were also in supracapsular afferent lymphatics, 
medullary sinuses, peripheral cortices, and paracortices (Fig. 9). 
Additionally, neutrophils containing brucellar antigen were rarely in 
vascular lumens. 
Electron microscopy 
Mammary gland, infected goats (Table 6). Brucellae were in 
macrophages, neutrophils, and duct squamous epithelial cells in sites 
described for brucellar antigen localization in immunoperoxidase-
stained tissues. In immunogold labeled samples, gold particles labeled 
Brucella cell surfaces and membranous and amorphous structures within 
phagolysosomes. 
Intact, degenerate, and degraded brucellae were in phagosomes, 
phagolysosomes, and residual bodies of macrophages and neutrophils 
(Figs. 16 to 18). Degenerate organisms had electron-dense, clumped 
cytoplasm and detached cell walls. Individual and clumps of intra­
cellular brucellae were mixed with lipid, membranous structures, and/or 
protein and electron-dense debris (Fig. 17), or were in membrane-bound 
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vesicles devoid of additional electron-dense material (Fig. 16). 
Infected macrophages and neutrophils were often degenerate 
(characterized by condensed nuclear chromatin, distension of the 
nuclear envelope, and disruption of mitochondrial cristae) and necrot­
ic. Many phagocytes were filled with brucellae. Most extracellular 
brucellae were associated with degenerate and necrotic phagocytes. 
Noninfected phagocytic cells in alveolar and duct lumens contained 
numerous intracytoplasmic phagolysomes, and were often devoid of pri­
mary lysosomes. 
Brucellae in squamous epithelial cells (Identified by desmosomes 
and abundant cytoplasmic intermediate filaments) were in large clusters 
in the perinuclear space, or were in membrane-bound vesicles filled 
with electron-dense material (Fig. 19). 
Inflammatory changes seen with light microscopy were also seen 
with electron microscopy. Lymphocytes, macrophages, plasmacytes, and 
fewer neutrophils and eosinophils diffusely infiltrated the Intra­
lobular septae and periductal interstitlum and extended into alveoli 
and ducts. Neutrophils were more common in lobules and ducts which 
contained brucellae. In Intralobular septae, macrophages had multiple 
phagolysosomes containing lipid, fibrillar material, and electron-dense 
debris. Brucellae were seldom observed In these cells. In all mammary 
glands, most mast cells were mature as identified by granule 
morphologic characteristics. 
Epithelial cells that lined lumens of severely affected ducts were 
flattened (Fig. 20); they had numerous keratin intermediate filaments. 
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desmosomesf and Irregular, Interdlgltatlng, cytoplasmic extensions 
which separated Individual and nests of Intraepithelial leukocytes. 
There were sites of detachment and sloughing of squamous epithelium 
from duct basement membranes in two goats. 
Supraaammary lymph nodes, Brucella-lnfected goats. Brucellae and 
brucellar antigen were not seen by electron microscopic examination of 
supramammary lymph nodes of any goat. Large phagolysosomes filled with 
amorphous substances and lipid were in macrophages in the subcapsular 
sinus. Histiocytes and reticular cells in sinuses of reactive lymph 
nodes contained numerous lysosomes. Cisternae of the rough endoplasmic 
reticulum of medullary plasmacytes in chronically Infected lymph nodes 
often were dilated and contained sparse finely granular protein. 
Myelocytic cells were seen in medullary cords (Fig. 21). 
Figs. 1 a-d. Mammary gland, goat #12, 29 days after infection. 
Differences in four sites in the same tissue section (measuring 1.3 X 
2 0.9 cm ) demonstrate the lobular distribution of inflammatory changes. 
Hematoxylin and eosin. Bar = 60 y. Fig. a: Normal lobule, with few 
interstitial leukocytes. Fig. b: Involuted lobule, with atrophic 
alveoli and thick intralobular septae infiltrated with few mononuclear 
leukocytes. Fig. c: Lobule with severe, lymphohistiocytic infiltra­
tion and effacement of intralobular septae and alveoli. Fig. d: 
Lobule with macrophages and lymphocytes in the intralobular septae and 
neutrophils in alveolar lumens. Many alveolar epithelial cells have 
large, intracytoplasmic lipid droplets 
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Fig. 2. Mammary gland, goat #2, seven days after Infection. 
Mononuclear leukocytes are diffusely distributed in the intralobular 
septae and alveoli. Numerous lipid droplets are in the alveolar 
secretions. Hematoxylin and eosln. Bar « 40 y 
Fig. 3. Mammary gland, goat #11, 29 days after Infection (two 
days postpartum). Marked lymphocytic infiltration and displacement of 
alveoli. Hematoxylin and eosln. Bar " 60 y 
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Fig. 4. Mammary gland duct, goat #13, 30 days after infection 
(ten days postpartum). Duct is infiltrated with macrophages and fewer 
lymphocytes. Many macrophages in the duct lumen have abundant, foamy 
cytoplasm. Hematoxylin and eosin. Bar = 40 w 
Fig. 5. Mammary gland, goat //5, 39 days after infection. Two 
periductal lymphoid follicles with germinal centers. Overlying duct 
epithelium is thickened. Hematoxylin and eosin. Bar = 100 u 
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Figs. 6 to 8. Keratin (red) in epithelial cells, mammary glands 
from infected goats. Immunoperoxidase stain, hematoxylin 
counterstain. 
Fig. 6. Goat #12, 29 days after infection. Lymphocytes expand 
the intralobular septae. Alveolar and duct epithelium is Infiltrated 
with macrophages and lymphocytes. Bar = 40 pm 
Fig. 7. Goat //5, 39 days after infection. Ductal squamous 
metaplasia and hyperplasia adjacent to a site of epithelial erosion. 
Lumenal material consists of macrophages, neutrophils, lymphocytes, 
sloughed epithelial cells, and cell debris mixed with lipid droplets. 
Bar = 40 n 
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Fig. 8. Same goat as Fig. 7. Duct epithelium overlying a 
lymphoid follicle. Squamous epithelial cells Infiltrated with 
lymphocytes and macrophages. Subepithelial layer of small lymphocytes 
are In the mantle of a germinal center. Bar = 30 p 
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Figs. 9 to 13. Immunoperoxldase-stalned brucellar antigen 
(brown) in Infected goats. Hematoxylin counterstain. 
Fig. 9. Supramanmary lymph node, goat #5, 39 days after 
infection. Brucellar antigen (arrow) in macrophages in the 
paracortex. Bar = 20 y 
Fig. 10. Mammary gland, goat #10, 15 days after infection. 
Brucellae-filled macrophage (short arrow) and neutrophil (long arrow) 
are intraluminal and intraepithelial, respectively, in an alveolus. 
The macrophage cytoplasm is lipld-laden. Bar » 10 y 
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Fig. 11. Same goat as Fig. 10. Mammary gland 15 days after 
Infection. Two macrophages (arrow) which contain brucellar antigen 
are in the intralobular septae in a gland diffusely Infiltrated with 
leukocytes. Bar = 10 ym 
Fig. 12. Mammary gland, goat //5, 39 days after infection. 
Brucellae are in the perinuclear cytoplasm of a flattened duct 
epithelial cell (long arrow), In an intraepithelial macrophage (short 
arrow), and in phagocytic cells and debris in the duct lumen. 
Epithelium and lamina propria are diffusely infiltrated with leuko­
cytes. Bar » 20 M 
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Fig. 13. Same goat as Fig. 12. Alveoli are filled with 
Brucella-infec ted phagocytic leukocytes and lipid droplets. 
Intralobular interstitium is infiltrated with leukocytes. Bar » 20 u 

Fig. 14. Supramaminary lymph node cortex, goat #14, 42 days after 
infection. Subcapsular and perisinusoidal cortex are lined by large 
lymphoid follicles with germinal centers. Germinal center mantles are 
oriented toward the sinuses. Hematoxylin and eosin. Bar = 100 p 
Fig. 15. Supramammary lymph node, goat #9, 15 days after 
infection. The medullary cord is thickened and composed of 
lymphocytes and plasmacytes. Sinuses are filled with macrophages and 
fewer lymphocytes. Hematoxylin and eosin. Bar = 40 u 
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Fig. 16. Macrophage (right) and neutrophil (left) in mammary 
duct lumen. Macrophage contains multiple phagolysosomes with brucel-
lae (arrows) and large lipid globules. Cytoplasm of neutrophil 
contains a large vacuole distended with brucellae. Neutrophil is 
degenerate, nuclear chromatin is condensed, and perinuclear envelope 
is dilated. Necrotic cellular debris In background. Bar = 2 p 
Fig. 17. Degenerate macrophages in milk of a Brucella-infected 
goat are distended with large phagolysosomes filled with ImmunogoId-
labeled brucellae (arrows), cellular debris, milk substances, and 
electron-dense material. Bar » 2 y 

Fig. 18. Neutrophil In the milk sediment with multiple primary 
lysosomes and phagolysosomes. Immunogold-labeled membranous struc­
tures In one phagolysosome are from degraded £ abortus. There Is 
nonspecific gold labeling outside of the phagolysosome. 
Bar = 1 w. Inset: Higher magnification of phagolysosome containing 
Immunogold-labeled degraded brucellae. Bar = 0.5 w 
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Fig. 19. Necrotic, keratinized epithelial cell in milk. Brucel­
lae are in the perinuclear cytoplasm (arrow). Epithelial cell has 
condensed and flocculent nuclear chromatin, blebbing of the cyto­
plasmic membrane, and abundant keratin intermediate filaments. Bar = 
3 )i. Inset: Higher magnification of immunogold-labeled brucellae. 
Bar = 1 n 
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Fig. 20. Intralobular duct and mammary gland of an Infected 
goat. Interdigltating, flattened epithelial cytoplasmic extensions 
(CE) separate intraepithelial macrophages from the duct lumen (DL). 
Bar = 3 M 
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Fig. 21. Myelocytic cells, medulla of supramammary lymph node. 
Myelocytes have oval nuclei with central and peripheral heterochroma-
tin, and cytoplasmic primary granules. Immature granules have a thin 
electron-lucent rim separating granule contents from membrane (arrow). 
There is a metamyelocyte (MM) with primary and secondary granules. 
Bar = 2 p 
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Table 1. Exposure, necropsy, and clinical signs of Brucella-lnfected and control 
goats 
Time of : 
Inoculation necropsy 
Goat dose Time of (post- Clinical 
Number (CFU/goat) exposure inoculation) signs 
1 < Parturition 2 days None 2 lo' Parturition 7 days None 
3 
i|: 
Parturition 13 days None 
4 Parturition 27 days None 
5 Parturition 39 days None 
6 lOg 2 to 4 weeks prepartum 2 days None 
7 lOg 2 to 4 weeks prepartum 4 days None 
8 1 2 to 4 weeks prepartum 8 days None 9 2 to 4 weeks prepartum 15 days None 10 2 to 4 weeks prepartum 15 days abortion 6 DPI® 11 2 to 4 weeks prepartum 29 days abortion 27 DPI 12 2 to 4 weeks prepartum 29 days abortion 16 DPI 13 2 to 4 weeks prepartum 30 days parturition 10 DPI 14 2 to 4 weeks prepartum 42 days abortion 18 DPI 
15 2 to 4 weeks prepartum 49 days abortion 28 DPI 
16 10® 2 to 4 weeks prepartum 55 days abortion 18 DPI 
17 0 - 14 days prepartum None 
18 0 - Parturition None 
19 0 - 7 days postpartum None 
20 0 - 12 days postpartum None 
21 0 - 32 days postpartum None 
22 0 - 55 days postpartum None 
D^ays postlnoculatlon. 
Table 2. Distribution of Brucella abortus in goat tissues* 
 ^abortus isolation^  
Retro- Internal 
Goat Mammary gland Milk Supramammary pharyngeal iliac 
Number Right Left Right Left lymph node lymph node lymph node Uterus 
1 2.0X10^  5.0X10^  - - 4.3X10^  + + + 
2 1.2X10^  1.3X10^  1.0X10^  1.0X10* 4.5X10^  + + + 
3 - - - - 1.1X10^  + + + 
4 - 1.1X10^  - 1.1X10^  1.8X10^  + + + 
5 3.9X10* 1.4X10^  2.5X10? 3.0X10® 6.0X10^  + + + 
6 - - - - 1.7X10^  + + -
7 - - - - 6.7X10^  + + -
8 - - - - 2.6X10^  + - + 
9 4.7X10* 2.4X10* 3.0X10^  9.0X10* 1.4X10^  + + + 
10 6.7X10* - 2.3X10^  - 6.0X10^  + + + 
11 - 3.3X10^  1.8X10^  1.1X10^  2.8X10^  + + + 
12 1.6X10^  1.3X10* 5.2X10^  + + + 
13 4.2X10^  1.7X10* 
14 - 7.5X10^  
15 - -
16 3.2X10^  3.3X10^  
8.5X10^  
2.5X10* 3.0X10^  
8.3X10^  
1.7X10^  
+ + + 
+ + -
+ + + 
+ + 
Brucella not Isolated from any control goats. Isolation of B abortus from retropharyngeal 
and Internal lilac lymph nodes and uterus was by direct smear of tissues: + = B abortus isolated; 
- = ^  abortus not Isolated. 
R^esults of 2 abortus Isolation from mammary gland* milk, and supramammary lymph node are in 
(colony-forming units/gm tissue or ml milk). - = No B abortus isolated; mammary gland <20 
CFU/gm; milk <4 CFU/ml; supramammary lymph node <20 CFU/gm. 
B^rucella isolated, but quantitative count not determined. 
Table 3. Percentage of mammary lobules with leukocytic infiltration 
Goat 
Number Normal" 
Right Mammary Gland 
Mild Moderate Marked Normal 
Left Mammary Gland 
















































































































20 99.3 0.7 
21 99.8 0.2 
22 100 
98.3 1.7 
98.7 0.8 0.5 
100 
leukocyte infiltration of lobules was graded as: 
Normal = Minimal numbers of leukocytes in intralobular interstltlum and alveolar 
epithelium. 
Mild = Mild leukocytic infiltration of intralobular Interstltlum and/or alveolar 
epithelium. 
Moderate = Intralobular accumulation of numerous leukocytes which thicken interalveolar 
interstltlum, but do not appreciably disrupt alveolar architecture. 
Marked = Intralobular accumulation of numerous leukocytes which disrupt or replace 
alveoli. 
N^umber is the percent of lobules demonstrating this change. 
Mammary gland had numerous* large abscesses not attributable to B abortus infection. 
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Table 4. Mast cells per 1.0 mm Interstltium 
Mammary Gland Mammary Gland Mammary Gland 
Goat Goat Goat 
Number Right Left Number Right Left Number Right Left 
1 19.8 33.7 6 46.1 51.0 17 36.1 21.7 
2 20.3 18.5 7 11.2 18.0 18 24.1 8.1 
3 25.0 24.7 8 26.8 20.5 19 35.6 43.1 
4 20.8 27.3 9 168.0 147.2 20 56.5 31.9 
5 22.6 30.7 10 66.4 79.5 21 22.7 40.1 
11 22.7 15.2 22 57.5 51.2 
12 46.3 40.2 
13 42.12 14.0 
14 97.4 35.9 
15 17.3 20.1 
16 41.8 _b 
determined by counting number of mast cells in a 0.36 mm area 
and estimating the percent Interstltium by using a 100-point grid and 
counting the number of points which were superimposed on interstitial 
tissue. Interstltium included all tissue between epithelial basement 
membranes excluding vessel walls and lumens. 
M^ast cell counts not determined. Mammary gland had numerous, 
large abscesses not attributable to B abortus infection. 
Table 5. Localization of phagocytes containing brucellar antigen in mammary glands and 
suprananmary lymph nodes 
Mammary Gland Alveoli 
Goat 








Lamina Propria Node 
B^rucellar antigen was not detected in tissues from control goats. 
= No brucellar antigen detected; + = brucellar antigen detected. 
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Table 6. Number of tissue specimens from each goat examined with 
transmission electron microscopy* 
Goat Mammary Gland and Milk Cells: Brucellae 
Number Number of Specimens Examined Observed 













14 8 + 
15 2 -
16 _6 + 
Total 79 
*16 mammary gland specimens were examined from six control goats. 
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DISCUSSION 
In this study, phagocytic leukocytes played an important role in ^  
abortus infection of mammary glands and supramammary lymph nodes in 
ruminants. We believe that macrophages and, to a lesser extent, 
neutrophils: (1) transport brucellae from the systemic circulation into 
mammary glands and milk; (2) provide a site for intracellular 
replication in alveoli and ducts; and (3) transport brucellae from 
infected mammae to supramammary lymph nodes. Localization of brucellae 
in the udder is primarily Intracellular in phagocytes in mammary 
secretions in ducts and alveoli. There was no evidence that 
extracellular replication and intraepithelial localization of brucellae 
were significant in the pathogenesis of mammary gland infection. 
Brucellae were not seen In alveolar and ductal secretory epithelial 
cells, and were seldom present in metaplastic, flattened, keratinized 
duct epithelial cells. Since bacteria in low numbers may not be de-
36 tected by immunoperoxidase staining or electron microscopy, intra­
epithelial replication cannot be ruled out. The rarity of Brucella 
localization in metaplastic mammary ductal epithelium in this and other 
studies suggests that it is not an essential event for development of 
35 brucellar mastitis. 
Passage of ^  abortus from the bloodstream Into mammary gland 
probably involves brucellae carried inside phagocytic cells. After 
inoculation, we first saw brucellae within phagocytes throughout the 
mammary gland. Since in corresponding mammae, we saw no brucellae in 
mammary epithelial cells or extracellular brucellae in interstltlum and 
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alveoli, we believe that transportation by phagocytic cells was the 
primary mechanism by which brucellae entered mammary glands. In 
studies in Intravenously Inoculated mice, brucellae were seen in the 
blood In neutrophils at 90 minutes postlnoculation and in monocytes at 
O 
five days. Brucellae given Intravenously in this study were most 
likely phagocytized, and then circulated in the blood in neutrophils 
and monocytes. Infected leukocytes could carry brucellae from the 
bloodstream into tissues. Monocytes may be more likely than neutro­
phils to carry brucellae into mammary glands, since they are the 
predominant leukocyte type found in mammary secretions. 
A mammary gland-lymphatic-supramammary lymph node pathway of 
Infection of supramammary lymph nodes was present in goats in this 
study. In ruminant brucellosis, the presence of lymphatic drainage of 
Infected tissues often determines the pattern of lymph node involve­
ment; frequently Infected lymph nodes are associated with sites of 
15 19 29 34 53 
entry and target organs. * * ' ' Brucella abortus is transported 
through the lymphatics in neutrophils and macrophages and free in the 
lymph.^  Dissemination of brucellae from mammary glands to the 
supramammary lymph nodes primarily occurs in infected mammary macro­
phages migrating in the lymphatics (e.g.. Brucella-Infacted macrophages 
were seen In afferent lymphatics and subcapsular sinuses of supra­
mammary lymph nodes which drained Infected mammary glands). Macro­
phages are capable of transporting substances to regional lymph 
26 
nodes, and mammary macrophages carrying milk substances have been 
30 
observed in supramammary lymph nodes. Supramammary lymph nodes 
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likely remain persistently Infected due to lymphatic drainage of 
brucellae from Infected udders. 
Lymphofolllcular hyperplasia, sinusoidal histiocytosis, and 
medullary plasmacytosls In these supramammary lymph nodes were similar 
to lesions described In cattle and goats from other studles.^ '^*^  
Granulopoietic activity, as evidenced by myelocytic and metamyelocytic 
cells In medullary cords, was a common finding In lymph nodes from 
Infected goats in this study, but is not typically reported in cattle. 
In mice, ^  abortus and Listeria monocytogenes, another facultative-
Intracellular bacterium, induce macrophages to release a colony-stimu­
lating factor which acts primarily on monocytic precursors, but also on 
granulopoietic cells.The protective advantage of this response 
is doubtful. Stimulation of colony-forming cells resulting in 
Increased hemopoietic cells in Infected mouse spleens does not cor­
relate with increased clearance of brucellae from the spleen or 
13 
resolution of infection. 
The combined abilities of Brucella and milk to interfere with 
phagocytic cell bactericidal mechanisms may explain how brucellae 
persist in mammary glands. There may be multiple mechanisms by which £ 
abortus survives in macrophages and neutrophils in vivo. In vitro 
studies have shown that ^  abortus specifically inhibits degranulation 
7 9 10 21 
and phagolysosome fusion in both macrophages and neutrophils, ' ' ' 
and resists lysosomal digestion in macrophages Isolated from bovine 
25 
mammary glands. Killing of B abortus by neutrophils is most depen­
dent on products of the myeloperoxidase-H^ Og-halide system, which 
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require the contents of primary granules. Lysosomes from bovine macro-
39 phages lack myeloperoxidase and, therefore, may be Inefficient In 
brucellacldal activity. Milk may further decrease phagocytic cell 
brucellacldal activity; fat and casein Ingestion causes degranulatlon 
and lysosomal depletion In neutrophils.*^ '** Lysosomal depletion would 
eliminate the most effective brucellacldal mechanisms of the phagocyte. 
The apparent success of brucellae to survive and replicate In 
phagocytic cells In mammary glands as compared with other tissues In 
the host, suggests that the mammary gland environment may inhibit 
phagocyte function, or that there is a subpopulation of phagocytes that 
enter the mammae preferentially which may be functionally deficient. 
The severity of mammary gland lesions in this study may be 
attributable to the high numbers of brucellae and the route of admin­
istration used to Infect goats. Characteristics of the inflammatory 
response were compatible with brucellosis; however, marked leukocytic 
infiltration of ducts, and duct segmental squamous metaplasia and 
epithelial erosion are not always associated with Brucella-Induced 
mastitis in cattle or goats.**^ '*^  Promlnant inflammatory 
changes in ducts may be expected since brucellae localized in this site 
in chronically Infected mammae. Partial Involution of Brucella-
infected mammary glands may be attributable to brucellar endotoxin; 
coliform endotoxin has been demonstrated to enhance mammary gland 
49 
Involution. 
Some of the lesions in this study may not have been caused by B 
abortus. Lymphofollicular proliferation in periductal interstitium was 
94 
present In control goats, but was less severe than In Infected goats. 
Similar findings were also in one goat necropsied at four days after 
infection, which is probably too soon to have been induced by 
brucellas. Germinal center formation has been found as early as five 
38 days postinoculation in mice infected with Brucella suis. Lymphoid 
follicles present prior to five days postinfection are likely due to 
prior antigenic stimulation from another agent. Lymphocytic mastitis 
occurs in sheep infected with ovine progressive pneumonia virus; 
similar lesions may occur in retrovirus-infected goats. 
The route of infection of the mammary gland in coliform mastitis 
has been suggested as galactogenic and hematogenous. A galactogenic 
pathway is suspected, since cisterns and ducts are most severely 
affected; however, a hematogenous route appears plausible, since 
mastitis often occurs simultaneously with puerperal uterine infection. 
Our study supports the concept that the hematogenous route of infection 
may lead to prominent ductal changes, since hematogenous Brucella 
infection resulted in marked ductal changes in this study. Coliform 
mastitis is probably initiated by both routes of infection. 
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ABSTRACT 
Eight, one-year-old, pregnant goats were inoculated intravenously 
with Brucella abortus on the day of parturition and necropsied 28 days 
after Inoculation. Four nursed their neonates and four did not (milk 
was not removed from udders). Tissues and fluids were examined by 
bacterial isolation, light microscopy, and serologic methods. 
Nonnursing goats continuously excreted brucellae in high concentrations 
D 
(£10 organisms/ml) in milk (brucellae were isolated from 4/4 udders), 
had marked enlargement of supramammary lymph nodes, and had lympho-
plasmacytic and histiocytic, interstitial mastitis. Immunoperoxidase 
staining revealed that brucellae were primarily in macrophages and 
neutrophils in mammary alveolar and duct lumens, and in macrophages in 
lymph node subcapsular sinuses. In contrast, nursing goats excreted 
3 brucellae intermittently at low concentrations (<10 organisms/ml) in 
milk (brucellae were isolated from 1/4 udders), supramammary lymph 
nodes were not enlarged, and mammary lesions were not seen. Brucellae 
were in more tissues peripheral to the udder, and serum antl-Brucella 
antibody titers were highest in nonnursing goats. This study indicates 
that nursing of neonates Interferes with localization and replication 
of B abortus in mammary glands, and that mammary gland infection may 
result in Increased systemic spread of brucellae. 
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INTRODUCTION 
Brucella abortus, a Gram-negative, facultative-lntracellular 
bacterium, has a marked affinity for mammary glands and supramammary 
lymph nodes in persistently Infected Mammary gland 
infection Is typically clinically Inapparent and gross lesions are not 
detected. Microscopically, there is a lobular and periductal, 
lymphoplasmacytic and histiocytic, interstitial mastitis with 
leukocytes in alveoli and ducts.Brucellae localize and 
replicate primarily in macrophages and neutrophils in mammary 
secretions in ductal and alveolar lumens; fewer brucellae are free in 
25 
mammary secretions or in phagocytes in the interstltlum. Microscopic 
36 lesions are not seen in all infected mammae. Supramammary lymph 
nodes are often enlarged, and characterized by lymphofolllcular 
25 26 hyperplasia, medullary plasmacytosls, and sinus histiocytosis. ' 
Susceptibility of the mammae to infection with ^  abortus may vary 
with the stage of lactation. Excretion of brucellae from the mammae is 
intermittent throughout lactation, but is most frequent in colostrum 
13 28 
and during late lactation. * Enhanced excretion may be related to 
reduced milk flow at these stages, either due to concentration of 
organisms in smaller quantities of milk, or due to increased 
replication of brucellae in mammary glands. Lactatlng mammae are less 
susceptible than nonlactatlng mammae to bacterial pathogens that Invade 
through the teat canal, apparently due to physical removal of pathogens 
29 38 
with the milk. ' Brucellae disseminate hematogenously to mammary 
glands; however, since organisms localize primarily in phagocytes in 
106 
alveolar and ductal lumens» milk expulsion may reduce the severity of 
Infection by flushing organisms from mammary glands. 
The objective of this study was to examine the effect of nursing 
on B abortus Infection of ruminant mammary gland. PerIparturn goats 
were used because they are a good model for studying bovine 
brucellosis, and mammary gland changes from B abortus Infection are 
similar In both goats and cows.^ *^ *^ *^ ~^^  ^
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MATERIALS AND METHODS 
Eight, one-year-old» pregnant, mixed-breed goats were infected 
with Brucella abortus within 16 hours after parturition. Goats were 
given 1.0 ml of B abortus strain 2308 suspended in 0.85% NaCl solution 
9 in the jugular vein, such that the dose was 5.0 X 10 colony forming 
units (CPU) B abortus per goat. Four additional one-year-old, pregnant 
goats served as noninfected controls. Neonates were removed from four 
infected and two noninfected goats (nonnurslng goats) on the day of 
parturition. The remaining goats (nursing goats) were allowed to nurse 
their neonates throughout the experiment. Mammary secretions were not 
removed from mammary glands of nonnurslng goats throughout the 
experiment, except during weekly sample collection. Goats were housed 
in isolation from two weeks before parturition until necropsy. 
Serum and milk (<10 ml/mammary gland) were collected from each 
goat on the day of parturition and at seven-day Intervals until 
necropsy. Goats were killed with Intravenous sodium pentobarbital 28 
days after infection. Supramammary lymph nodes were trimmed of excess 
tissue and weighed. Milk, mammary gland, spleen, bone marrow (from 
proximal femur), and supramammary, internal Iliac, and retropharyngeal 
lymph nodes were collected for bacterial culture. Tissues from mammary 
glands, supramammary lymph nodes, kidney, liver, lung, spleen, and 
uterus were collected for examination by light microscopy. 
Serum samples were tested for antl-Brucella antibody by the 
standard tube agglutination test (STT) and mercaptoethanol 
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agglutination tests (MET). The milk ring test (MRT) was performed on 
milk samples that did not solidify after collection. 
Tryptose agar was used for Brucella growth and Isolation. Milk 
was quantitatively plated onto tryptose agar, using 10-fold dilutions 
in 0.85% NaCl solution. Bone marrows were smeared directly onto media. 
Tissues for Isolation of brucellae were dipped in 80% ethanol and 
flamed, halved, and the exposed inner surface was minced and smeared 
directly onto tryptose agar. A portion of supramammary lymph node was 
homogenized (Stomacher, Tekmar Company, Cincinnati, OH) with a known 
amount of diluent. Ten-fold dilutions of homogenate were plated onto 
tryptose agar and B abortus CPU were determined quantitatively. 
Inoculated media were incubated at 37°C for 4-5 days and examined for 
bacterial growth. Brucella colonies were identified by morphologic and 
growth characteristics, and organism agglutination with 
Brucella-speclfIc antiserum. 
Tissues for light microscopic examination were fixed in neutral 
buffered 10% formalin. Tissues were processed by routine paraffin 
embedding techniques, sectioned at 3-4 p, and stained with hematoxylin 
35 
and eosln. Six tissue specimens were examined from each mammary 
gland, (two each from dorsal, middle, and ventral portions). 
Immunoenzymatlc staining of brucellar antigen in mammary glands 
and supramammary lymph nodes for light microscopic examination was done 
27 
using an avidln-biotin-peroxldase complex technique. Primary 
antl-Brucella antibody was prepared by Intravenous inoculation of 
whole-cell, heat-killed B abortus strain 2308 organisms into a rabbit. 
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Normal rabbit sera vas used as a negative control for the primary serum 
(antibody). Tissues containing bacterial organisms of species other 
than Brucella were stained with the same immunoperoxidase procedure and 
reagents to serve as a specificity control for the primary anti-Brucel-
la antibody. Actinomyces pyogenes, Escherichia coli, Pasteurella 
hemolytica, Haemophilus pleuropneumonia, Actinobacillus equili. 
Bacillus sppi and Streptococcus spp did not stain. 
Keratin was specifically stained with an avidin-biotin-peroxidase 
complex technique to Identify mammary epithelial and myoepithelial 
cells in order to characterize Inflammatory changes involving mammary 
epithelium. Rabbit polyclonal anti-human cytokeratin antibody and 
biotinylated goat anti-rabbit antibody were used as primary and 
secondary antibody, respectively. Hydrogen peroxlde-
3-amino-9-ethylcarbazol solution, which forms an alcohol-soluble, red-
colored end product at the enzyme-antigen localization site, was used 
as the chromogen-substrate. 
Statistical analysis, using Student's t-test, was performed on 




All goats delivered live, full-term kids. Each of the four 
Infected, nursing goats had twins. Nonlnfected, nursing goats had a 
set of twins and a single kid. All goats remained clinically normal 
throughout the present study. 
Serology 
Prior to infection, anti-Brucella antibody titers were not detect­
ed or were at low levels. Preinfection MET titers were not detected in 
12/12 goats, STT titers were <1:25 in 11/12 goats, and MRT titers were 
<1:10 in 11/12 goats. Goat #7 (nonnurslng Infected group) had elevated 
preinfection titers of STT " 1:200 and MRT = 1:40. Preinfection titers 
were considered nonspecific for Brucella infection. Serologic titers 
In control goats remained at preexperimental levels throughout the 
study. 
Blood anti-Brucella antibodies, as detected by all serologic 
tests, were elevated in all infected goats at one week after infection, 
and remained elevated throughout the present experiment. The STT and 
MET titers were consistently higher in nonnurslng. Infected goats than 
in nursing. Infected goats (Fig. 1, 2). The STT titers between these 
two groups was significantly (£ <0.05) different for weeks one through 
four, while MET titers were not significantly different (JP >0.05). The 
MRT titers differed between nursing and nonnurslng, infected goats; 
Ill 
titers In nursing goats were highest at week one, while titers In 
nonnurslng goats were highest at weeks two and four (Fig. 3). 
Brucella isolation 
Brucellae were Isolated from all milk samples collected from 
nonnurslng. Infected goats (Fig. 4). Concentrations of brucellae pro­
gressively Increased from weeks one through three, and peaked at three 
g 
to four weeks after Infection at approximately 10 CFU/ml milk. 
Brucellae were Isolated intermittently from milk of nursing. Infected 
goats. Four milk samples collected from two nursing goats 02 and #3) 
contained brucellae; concentrations ranged from 20 to 570 CFU/ml milk. 
Brucellae were not detectable at levels <10 CFU/ml milk. 
Brucellae were Isolated from all inoculated goats at necropsy 
(Table 1). Bone marrow and mammary glands were more often infected, 
and supramammary lymph nodes contained higher concentrations of 
 ^abortus in nonnurslng than in nursing goats (Table 2). Brucella 
abortus was not isolated from any tissue or milk sample collected from 
control goats. 
Necropsy examination 
Gross lesions were not found in mammary glands of Brucella-
inoculated goats. Mammae of nonnurslng goats were firmer than those of 
nursing goats, but there were no palpable differences between mammae of 
infected goats and control goats of the same nursing status. 
Supramammary and internal iliac lymph nodes were markedly enlarged in 
nonnurslng, infected goats (Table 2). Retropharyngeal lymph nodes of 
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five goats contained large abscesses, which were attributed to 
Actinomyces pyogenes Infection based on gross features and previous 
history of infection In the parent herd. Gross lesions were not 
detected In other organs. 
Histologic examination 
Lesions were seen in mammary glands from all nonnurslng. Infected 
goats. There were marked, diffuse, lymphoplasmacytlc and histiocytic 
Infiltrates, dense lymphocytic foci, and individual and small foci of 
neutrophils and eosinophils in intralobular septae and periductal 
stroma (Fig. 5, 6). Many ducts and alveoli were filled with 
macrophages, fewer neutrophils and lymphocytes, cell debris, and rare 
sloughed epithelial cells (Fig. 7, 13). Duct epithelium was 
hyperplastic and had numerous intraepithelial leukocytes which often 
formed small nests (Fig. 7, 10). There were few small erosions and 
rare sites of squamous metaplasia of duct epithelium. Most lobules 
were Involuted (i.e., alveoli were small and lined by cuboidal to low 
columnar epithelium, had small lumens, and were separated by thickened 
Intralobular septae) and separated by prominent interlobular septae 
containing nests of adipocytes. Several fibroblasts were in periductal 
stroma of Interlobular ducts. Approximately 10-15% of lobules 
contained dilated alveoli lined by cuboidal and flattened epithelium 
and filled with homogenous, eosinophilic material containing 3-12 p fat 
droplets. These lobules were more acutely and less severely affected 
than Involuted lobules, and contained fewer leukocytes and a greater 
percentage of neutrophils. 
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Mammary glands of nonnurslng, control goats were Involuted 
(Fig. 11). Lobules were separated by prominent Interlobular septae 
containing small nests of adipocytes. Approximately 15-20% of the 
lobules contained large dilated alveoli lined by cuboldal and flattened 
epithelium, and filled with homogenous eosinophilic substance. One 
mammary gland from a noninfected goat had mild inflammatory changes; 
lobules were diffusely Infiltrated with few macrophages and 
lymphocytes, and multiple alveoli contained several neutrophils. 
Mammary glands of Infected, nursing goats resembled those of 
noninfected, nursing goats (Fig. 8, 12). Inflammatory changes were not 
seen, except for rare, small, interstitial foci of lymphocytes. 
Lobules were large and contained alveoli with large lumens, which were 
empty or filled with homogenous eosinophilic substance and lipid 
droplets (milk), and lined by plump cuboldal and columnar epithelium. 
Ducts were lined by single and double layers of cuboldal to columnar 
epithelium. Intra- and interlobular septae were thin. 
Supramammary lymph nodes from infected goats had lymphofolllcular 
hyperplasia, sinus histiocytosis, expanded paracortices, and thickened 
medullary cords of plasmacytes and fewer lymphocytes. Loosely 
organized foci of granulopoietic cells were in medullary cords of lymph 
nodes from three goats. Lymph node changes were marked in nonnurslng 
goats and mild or inapparent in nursing goats (Fig. 9). There were 
rare, small, granulomatous foci in subcapsular and cortical sinuses of 
nonnurslng, infected goats (Fig. 16). Supramammary lymph nodes of 
control goats were normal. 
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Additional lesions In Infected goats were mild, multifocal, 
lymphohlstlocytlc endometritis, and moderate, splenic lymphofolllcular 
hyperplasia. Inflammatory lesions were not seen In kidney, liver, and 
lung. 
Immunoperoxldase staining of Brucella abortus 
Brucellar antigen was stained In mammary glands from nonnurslng. 
Infected goats. Brucellae were In macrophages and neutrophils located 
primarily In ducts and alveoli, less often In Intralobular 
Interstltlum, periductal stroma, and rare in lymphatics and blood 
vessels (Fig. 13, 14). Infected phagocytes occasionally filled duct 
lumens; adjacent epithelium and interstltlum contained fewer Infected 
phagocytes. Brucellar antigen in macrophages ranged from single, 1 p 
diameter foci to aggregates that filled the cytoplasm. Many infected 
and noninfected macrophages contained Intracytoplasmlc lipid globules. 
Extracellular brucellar antigen was less abundant than Intracellular 
brucellae and was mixed with leukocytes, cell debris, and lipid 
droplets in duct lumens. Brucellae were not seen in mammary glands of 
infected, nursing goats and noninfected, control goats. 
Brucellae were seen in macrophages in supramammary lymph nodes of 
Infected, nonnurslng goats. Infected macrophages were most numerous in 
subcapsular and cortical sinuses (Fig. 15), and infrequent in remaining 
lymph node parenchyma. Subcapsular granulomatous foci contained 
abundant brucellar antigen (Fig. 16). Scant quantities of brucellar 
antigen were In germinal centers and paracortices. 
Figs. 1 to 3. Serologic antl-Brucella antibody titers from 
infected, nursing and nonnursing goats. Bar equals standard error. 
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Fig. 4. Mean colony forming units of Brucella abortus isolated 
from milk of Infected, nursing and nonnurslng goats. Bars equal range 
of values. Concentrations of brucellae <10 colony forming units per 
ml milk were not detectable 








Fig. 5. Mammary gland, nonnurslng, Infected goat. Involuted 
lobules are markedly infiltrated with leukocytes and are separated by 
prominent Interlobular septae. Hematoxylin and eosin. Bar = 100 y 
Fig. 6. Mammary gland, nonnursing, infected goat. Lymphocytes 
are diffusely throughout the interstitium and in alveolar epithelium. 
A dense lymphocytic focus separates and displaces alveoli. 
Hematoxylin and eosin. Bar » 60 v 
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Fig. 7. Interlobular duct, mammary gland, nonnurslng, Infected 
goat. Mononuclear leukocytes are in the periductal interstitlum and 
duct epithelium. Macrophages and neutrophils are in protelnaceous 
material in the duct lumen. Hematoxylin and eosln. Bar = 40 u 
Fig. 8. Mammary gland, infected, nursing goat. Lobules are 
large and separated by thin Interlobular septae. There are no 
Inflammatory foci. Hematoxylin and eosln. Bar = 100 m 
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Fig. 9. Supramammary lymph nodes from both Infected, nursing 
(small lymph node) and nonnursing goats. Sections were obtained from 
lymph node center near the hilus. Lymph node from the nonnursing goat 
is large and contains numerous germinal centers in the outer cortex, 
has expanded paracortices, and has prominent medullary cords. Lymph 
node from the nursing goat is comparatively smaller, and has a 
relatively thin cortex, few small germinal centers, and sparsely 




Figs. 10 to 12. Keratin (red) In epithelial cells, 
Immunoperoxidase stain, mammary glands. Hematoxylin counterstain. 
Fig. 10. Duct, Infected, nonnursing goat. Thickening of duct 
due to infiltration with leukocytes and hyperplasia of epithelial 
cells. Leukocytes (mostly macrophages) fill the duct lumen. 
Bar = 40 y. 
Fig. 11. Duct and alveoli, noninfected, nonnursing goat. Duct 
is lined by thin, densely stained epithelium 2 cell layers thick. 
Alveoli are small, lined by cuboidal epithelium, and contain 
proteinaceous material in the lumen. Bar » 40 u. 
Fig. 12. Duct and alveoli. Infected, nursing goat. Duct 
epithelium is thin and 1-2 cells thick. Alveolar epithelium stain 
less intensely for keratin. Bar » 40 y 

Figs. 13 to 16. Immunoperoxldase stained brucellar antigen 
(brown) in mammary glands and supramammary lymph nodes of nonnursing, 
infected goats. Hematoxylin counterstain. 
Fig. 13. Duct filled with macrophages and neutrophils containing 
abundant brucellar antigen. Few infected cells are in the duct 
epithelial layer (long arrow) and in the periductal interstitium 
(short arrows). Bar = 20 y. 
Fig. 14. Infected macrophages in alveolar lumens. Bar = 20 u 
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Fig. 15. Macrophages containing brucellae (arrows) are in the 
subcapsular sinus of a supramammary lymph node. Bar = 10 
Fig. 16. Lymph node subcapsular sinus. Small focus of 
epithelioid macrophages containing abundant brucellar antigen. Bar 
20 ]i 
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Table 1. Isolation of Brucella abortus from goats 28 days after Infection^  
Mammary Supramammary Internal iliac Retropharyngeal Bone 
Group gland lymph node Spleen lymph node lymph node marrow 
nursing, infected 1/4" 4/4 4/4 4/4 4/4 0/4 
nonnursing, infected 4/4 4/4 4/4 4/4 3/3^  4/4 
 ^abortus was not Isolated from any control goat. 
D^ata expressed as number of goats from which 2 abortus was isolated/number of goats 
cultured. 
R^etropharyngeal lymph nodes from 1 goat were contaminated with non-Brucella bacteria 
which inhibited detection of B abortus. 
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Table 2. Supramammary lymph nodes (SLN) of Brucella-lnfected goats: 
B abortus isolation and lymph node weights 
Goat 







1 + + 5.1 gm 8.9 X 10^  4.5 X 10^  
2 + + 3.5 gm 8.9 X 10^  3.1 X 10^  
3 + + 3.8 gm 2.2 X 10^  8.4 X 10^  
4 + + 6.4 gm 1.6 X 10^  1.0 X 10^  
5 - + 14.0 gm 6.7 X 10^  9.4 X 10^  
6 - + 19.5 gm 2.9 X 10^  5.7 X 10^  
7 - + 27.2 gm 1.9 X 10^  5.2 X 10^  
8 - + 14.1 gm 5.0 X 10^  7.1 X 10^  
9 + - 4.0 gm _a -
10 + - 5.3 gm - -
11 - - 8.7 gm - -
12 - - 5.5 gm - -
® B. abortus was not isolated from any control goat. 
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DISCUSSION 
This study shows that nursing of Infected, lactatlng goats 
decreases the ability of Brucella abortus to localize and replicate In 
the mammary gland. In mammae of goats nursed by their offspring, 
numbers of organisms remained low and lesions in mammary glands did not 
develop, even though brucellae were Isolated from milk. In contrast. 
Infected nonnursing goats had high numbers of brucellae in milk and 
mammary glands, and marked inflammatory changes in mammary glands. 
The enhanced susceptibility of nonnursing mammae to abortus 
infection is likely due to stasis of mammary secretions in alveoli and 
ducts. Since brucellae localize and replicate primarily in macrophages 
and neutrophils in alveolar and ductal lumens, and do not attach to 
epithelial cells or replicate Intraepithellally, milk expulsion should 
physically remove brucellae from the mammae and help prevent 
25 
establishment of udder infection. Brucellae entering mammae of 
nursing goats in the present study were probably excreted in milk 
before significant replication could occur. Conversely, cessation of 
milk flow would allow organisms to persist in an environment compatible 
for replication. 
Since brucellae were not detected in mammae and mammary secretions 
from all nursing goats, it may be that fewer organisms were transported 
Into mammary glands of nursing goats as compared with nonnursing goats. 
Migration of infected phagocytes from the blood stream into mammary 
parenchyma and secretions is the primary route by which brucellae enter 
25 32 the mammae. ' In cattle, there is a decline in the number of 
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leukocytes in milk at the onset of lactation and an Increase at 
20 21 
cessation of lactation. * Nursing goats In the present study may 
have had fewer Infected phagocytes migrate into the mammae as compared 
with nonnursing goats, thereby partially accounting for the lower 
numbers of brucellae isolated from milk. Additionally, dilution of 
brucellae due to continued milk production and excretion in nursing 
goats could also reduce detection of brucellae in mammary secretions. 
Changes in leukocyte numbers in mammary secretions in nonnursing goats 
in the present study may be comparable with those in cows at the 
cessation of lactation, because mammary glands of nonnursing goats were 
developed at parturition and then underwent involution. 
The increased susceptibility of mammary glands of nonnursing goats 
to infection with ^  abortus is probably not attributable to decreased 
competency of immune defense mechanisms. Generally, cows are most 
susceptible to development of mastitis in early lactation. 
Leukocyte functions are impaired In the peripartum, lactatlng dairy 
cow, which suggests that compromised immune function Increases 
susceptibility to mastitis; lymphocyte blastogenesls and neutrophil 
random migration, iodinatlon, and chemlluminescence are decreased in 
17 18 
vitro. * If findings in cows are applicable to goats, lactation-
associated immunosuppression does not appear to enhance the 
susceptibility of mammae to 2 abortus infection. 
Infected mammary glands can serve as a nidus from which brucellae 
disseminate to peripheral tissues in the host. Tissues In these goats 
were likely Infected by both hematogenous distribution of brucellae 
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following Intravenous Inoculation, and dissemination of brucellae from 
mammary glands after establishment of mammary Infection. Lymph from 
mammary glands flows through supramammary and external iliac lymph 
nodes into the cisterna chyll and thoracic duct to empty into the 
blood. Because supramammary lymph nodes of goats with severely 
affected mammae contained markedly higher concentrations of brucellae 
than supramammary lymph nodes draining relatively nonaffected mammae, 
it appears that brucellae were transported from mammary glands to 
supramammary lymph nodes through lymphatics. Localization of brucellae 
primarily in sites of afferent lymph drainage in lymph nodes (i.e., 
subcapsular sinuses) is further Indication of dissemination of Brucella 
in lymph. Brucellae have been seen in macrophages and neutrophils in 
lymphatics draining sites of inoculation.^  Isolation of brucellae from 
more tissue sites peripheral to the udder in nonnurslng goats, 
accompanied by higher serum SIT and MET titers, suggests that there was 
increased systemic circulation of brucellae as compared with nursing 
goats. Since lymph from the mammary gland eventually enters the blood, 
migration of infected phagocytes in lymph could disseminate organisms 
throughout the host. 
The ability of brucellae to survive and replicate in neutrophils 
and macrophages is important in the pathogenesis of brucellosis.^ '^  
Mechanisms by which ^  abortus may resist killing by phagocytes include 
inhibition of degranulation and phagolysosome fusion, resistance to 
degradation by lysosomal contents, and escape from the phagosome. 
Brucella abortus specifically inhibits degranulation and phagolysosome 
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6 12 fusion in both neutrophils and macrophages in vitro. * Release of 
purine nucleotides and bases from the brucellar surface specifically 
interferes with degranulation of neutrophil primary granules, thereby 
avoiding myeloperoxidase, an enzyme Important in the oxidative killing 
system.* Smooth strains of B abortus, as used in the present study, 
are also resistant to oxygen-dependent bactericidal activity within 
phagolysosomes of bovine macrophages and neutrophils.Resistance 
may be related to the llpopolysaccharlde moiety on the brucellar 
surface. There is no Indication that ^  abortus escapes from the 
phagosome to another Intracellular site within phagocytic cells. 
Brucella abortus has been seen only in phagosomes and phagolysosomes of 
bovine phagocytes in vitro and in vivo;^ *'^  ^replication in rough endo­
plasmic reticulum of macrophages does not occur as it does in placental 
2 trophoblasts. 
Brucella localization in mammary glands is not completely 
inhibited by nursing. Milk expulsion during lactation is not always 
uniform throughout the udder; interference with expulsion of milk due 
to functional variation of individual lobules during lactation occurs 
normally and as a sequel to previous incidences of mastitis. Also, 
mammary glands of cows with single or twin neonates would probably be 
unequally nursed, causing variations in the degree of milk stasis among 
glands. Brucella may be expected to localize in the least nursed gland 
and in inactive lobules in actively lactating mammary glands. In 
nursing goats In the present study, indications of mammary gland 
infection may have been more apparent if each goat had nursed a single 
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neonate Instead of twins; flushing of mammary glands and removal of 
brucellae would have been less complete. Brucellae also localize In 
phagocytic cells In mammary gland Interstltlum.^  It is probable that 
Infected phagocytes would localize In the Interstltlum to some extent, 
regardless of lactational status. 
Nursing and nonnurslng goats In the present study most closely 
resemble that of lactatlng, milked cows In early lactation and cows 
delivering dead fetuses in late gestation, respectively. Our findings, 
therefore, may be more applicable to 2 abortus infection in these two 
groups of cows. If findings in goats are applicable to cattle, cows 
which abort in late gestation and are not subsequently milked, should 
have a high incidence of mammary gland infection and may be likely to 
excrete organisms in subsequent pregnancies. 
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GENERAL DISCUSSION AND SUMMARY 
Infection of mammary glands and supramammary lymph nodes by 
Brucella abortus Is significant In the pathogenesis of brucellosis, 
since these tissues are the most common site of localization in persis­
tently Infected cows. Brucella abortus-induced mammary lesions have 
been previously characterized in the cow, but mechanisms of infection 
and factors affecting the susceptibility of mammary gland to infection 
need clarification. The purposes of these studies were: 1) to deter­
mine the mode of ^  abortus transportation into, and sites of localiza­
tion in mammary glands and supramammary lymph nodes; and 2) to 
elaborate conditions which predispose these tissues to infection. In 
these studies, we used perlpartum goats inoculated Intravenously with 
B^  abortus to study brucellar infection of ruminant mammary gland and 
supramammary lymph node. Goats are an excellent model for pathogenesis 
studies on bovine brucellosis due to their anatomic and physiologic 
similarities with cows. Brucella-Induced mammary gland and lymph node 
lesions are similar in both goats and cows. 
In the first study, we found that macrophages, and also neutro­
phils: i) transported brucellae into mammary gland parenchyma and 
milk, 11) provided an Intracellular site of replication in mammary 
glands, especially in mammary secretions in alveolar and duct lumens, 
and ill) transported brucellae from mammary glands to supramammary 
lymph nodes via lymph. Brucellar localization in mammary glands 
occurred primarily in phagocytes in alveoli and ducts, and less so in 
Intralobular and periductal Interstitium. There was no evidence that 
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brucellae replicated extracellularly or localized In mammary epithelial 
cells to a significant extent. Lesions In mammary glands In goats In 
this study were similar to those In cows, but more severe, which 
probably reflects the high numbers of brucellae used to Infect these 
goats. 
In the second study. It was shown that nursing of neonates by 
perlpartal goats Interfered with the ability of jS abortus to localize 
and replicate In mammary glands. Lack of nursing by neonates after 
parturition markedly enhanced the ability of brucellae to Infect the 
mammae, as compared to nursing goats. Brucella abortus infection of 
nonnurslng goats was characterized by consistent excretion of high 
concentrations of brucellae in milk, isolation of brucellae from 4/4 
udders, enlarged supramammary lymph nodes, and lymphoplasmacytic and 
histiocytic interstitial mastitis. In contrast, findings in infected, 
nursing goats were intermittent excretion of low numbers of brucellae 
in milk, isolation of brucellae from 1/4 udders, normal sized 
supramammary lymph nodes, and normal mammary glands. Since brucellae 
localize in mammary glands in secretions in alveolar and duct lumens, 
these findings suggest that milk stasis associated with cessation of 
milk excretion in nonnurslng goats allowed brucellae to persist and 
replicate in alveolar and ductal lumens, while In nursing goats, 
brucellae entering alveolar secretions were probably removed with the 
milk prior to replication and establishment of Infection. These 
findings are compatible with the first study. Since brucellae localize 
primarily In phagocytes in mammary secretions and apparently do not 
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attach to or localize In mammary epithelial cells, removal of milk may 
be expected to reduce the numbers of Brucella In the mammae. 
Findings In goats in these studies are expected to parallel 
mechanisms of abortus Infection of mammary gland and supramammary 
lymph node In the cow; results are compatible with the current 
understanding of bovine brucellosis. Brucella abortus Is a 
facultative-Intracellular bacterium capable of surviving bactericidal 
activities of phagocytic leukocytes,which Is Important In the 
pathogenesis of this disease. Hematogenous dissemination in leukocytes 
provides brucellae with a mechanism to enter tissues. In these 
studies, it was shown that phagocytes in mammary glands are also the 
primary site for brucellae to replicate (Fig. 1). Brucellae are likely 
released when the host phagocytic cell degenerates and plasma membranes 
lose their integrity. Phagocytosis of released bacteria by phagocytes 
Incapable of killing brucellae perpetuate the cycle. Migration of 
Brucella-infected macrophages from ducts and alveoli into the inter-
stitlum and lymphatics facilitate dissemination back into the systemic 
circulation. Presumably, host Immune defense mechanisms are inadequate 
in mammary secretions and allow brucellae to resist elimination from 
the host. 
There may be multiple mechanisms by which 2 abortus survives in 
phagocytic cells in ruminant mammary glands. Virulent strains of 
2 abortus inhibit degranulatlon and phagolysosome fusion in neutrophils 
and macrophages in vitro, thereby avoiding bactericidal enzymes in 
6 31 lysosomes. ' In macrophages isolated from mammary glands, brucellae 
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resist killing and degradation by lysosomal enzymes, and survive and 
34 
replicate In these cells. Escape from phagosomes and phagolysosomes 
Into another Intracellular compartment to avoid host cell bactericidal 
activity apparently does not occur. Brucellae have been observed only 
in phagosomes and phagolysosomes of phagocytic cells both in vivo and 
in vitro.Milk may also facilitate Brucella survival inside 
phagocytic cells. Ingestion of casein and lipid results in lysosomal 
depletion, thus depleting phagocytes of their primary bacterial killing 
mechanism. 
Elucidation of mechanisms of pathogenesis may facilitate 
brucellosis eradication efforts by allowing rational development of 
eradication programs. Findings in this study may also facilitate 
understanding of mammary gland Infection by other facultative-
Intracellular bacteria. 
Fig. 1. Schematic diagram of mammary gland alveoli and duct which 
summarizes the proposed pathogenesis of mammary gland infection by 
Brucella abortus as determined In this study. This sequence of 
Brucella transportation by, and replication in phagocytes is more 
likely to occur in conditions where there is stasis of milk in the 
mammae. After entering lactating mammae, infected phagocytes may be 
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